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Preface 


The practice of forensic pathology includes the collection and analysis of evidence 
in relation to a corpse in order to establish the cause of death. Knowledge 
of the cause of death contributes to the determination of the manner of death by medical 
examiners and coroners, who are occasionally assisted by law enforcement officers. In 
the process of establishing the cause and manner of death, representatives of various 
investigative bodies have several responsibilities, including explaining the death to 
family members, attempting to reduce the risk of similar deaths in the future, and, if 
applicable, apprehending the individuals who are responsible for the death. 

The most well-known and popular role of a forensic pathologist is in the investi- 
gation of cases of suspicious death; however, most medicolegal autopsies involve 
unexpected deaths that are above suspicion, many of which are caused by trauma 
(trauma being defined as any physical force or agent that causes bodily harm). The 
purpose of Forensic Pathology of Trauma: Common Problems for the Pathologist 
is to provide practical advice and information about the conduct of the forensic 
autopsy in cases of trauma, and to offer guidance about the analysis of the autopsy 
findings in these cases. Forensic Pathology of Trauma: Common Problems for the 
Pathologist will help pathologists—particularly those more accustomed to “hospital” 
autopsies—avoid common mistakes in medicolegal cases by ensuring that they attend 
to the fundamental purposes of the forensic autopsy that, in addition to demonstrating 
the cause of death, addresses such issues as: “(1) the identity of the dead person; (2) 
the time of death; (3) the circumstances in which the fatal injury was sustained; (4) the 
type of weapon or agent that was responsible for the injury; (5) factors that may have 
predisposed the victim to injury, or modified the effects of injury...”(/). 

Our approach is to describe common medicolegal “syndromes” or trauma pat- 
terns, which are exemplified by the chapter titles, and to provide comprehensive cov- 
erage of both the common and uncommon causes of these patterns. Although the book 
does not cover the autopsy investigation of suspicious death in detail, sufficient infor- 
mation is provided to ensure that a pathologist is aware of the pitfalls in such cases, 
and that these cases are dealt with appropriately when they do occur. 

Forensic Pathology of Trauma: Common Problems for the Pathologist is prima- 
rily intended for the use of pathologists who perform forensic autopsies as part of a 
general autopsy service, as opposed to those employed in dedicated forensic autopsy 
centers; however, we believe the contents will also be of service to anyone who wants 
to understand the strengths and, more importantly, the limitations of the forensic 
autopsy. 


Michael J. Shkrum, mp 
David A. Ramsay, MB ChB 
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Chapter I 


The “Complete Autopsy” 
The Management of Risk 


Summary 


Many medicolegal death investigations rely on information derived from autopsies. The success 
of an autopsy in answering questions (e.g., identification, injury causation) depends on a systematic 
approach by the pathologist. The “complete autopsy” is a series of necessary steps taken by the 
pathologist, who receives background information about the deceased, performs an external exami- 
nation and internal dissection, and collects appropriate bodily samples for supplementary testing. 
The care exercised by the pathologist in this process is reflected in an accurate autopsy report, which 
addresses the most important question—the cause of death. The pathologist must be aware of poten- 
tial pitfalls at every step of the postmortem investigation, any of which can pose a risk to the final 
resolution of a medicolegal investigation. 


Key Words: Forensic pathology; autopsy; risk management. 


1. INTRODUCTION 


A pathologist is a medical specialist who has the unique training and experience 
to acquire and apply knowledge from an autopsy (/). Death is not the end of a physi- 
cian—“patient” relationship. A pathologist has an ethical obligation to reliably ensure 
that the medical observations and conclusions, based on autopsy findings and other 
information, are valid and do not breach the trust or confidence of family, caregivers, 
the community, and society (/—5). 

A major focus of any autopsy is the determination of the cause of death (i.e., why 
did the person die?). This allows the certification of an individual’s death (2,6,7). A “hos- 
pital” autopsy (1.e., an autopsy done with the consent of a deceased’s family members or 
a legally authorized representative) has other broader objectives, such as the study of a 
disease process, an audit of the effectiveness of therapy and accuracy of diagnostic 
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procedures, clinicopathological correlation, education of health care professionals, and 
subject to ethical considerations, research (2,6,5—/4). A “forensic” or statutory medico- 
legal autopsy also addresses these objectives, but a pathologist must be able to answer 
other questions, that is the five “Ws” (Table 1) (5). 

Forensic pathology is the study of how diseases cause sudden and unexpected death 
and how external agents or forces cause fatal injury (4). Autopsies do improve the accuracy 
of death certificates and vital statistics (2, /2,]4,22,26—28). Clinical studies have shown that 
at least 10% of deaths have a major pathological diagnosis that, if it had been detected 
during life, might have resulted in survival with appropriate medical treatment (6,/4,29-33). 

An autopsy is an essential component of many medicolegal death investigations. 
The pathologist must have the necessary training and/or experience to answer the chal- 
lenges posed by such investigations (/3,34). To maintain a high standard of practice in 
forensic pathology, a pathologist must participate in peer-review, self-evaluation, and 
continuing education programs (33). Professional competence is a part of quality assur- 
ance—1i.e., the structure and systematic actions necessary to provide adequate service 
with accurate results (/,6,35). In dealing with issues arising from an injury case, pathol- 
ogists must have a fundamental understanding of trauma pathology (36). Hirsch com- 
mented that, “too many pathologists think that the pathology of trauma is simple. Such 
pathologists fall into one of two groups: those who have not seen traumatic pathology 
and those who have not thought about what they have seen” (36). 


2. THE COMPLETE AUTOPSY 


A pathologist does not work in isolation. A complete autopsy requires the integration 
of information from various investigative sources occurring in stepwise progression (Fig. 1) 
(4). This systematic approach usually reaches successful conclusions regarding the cause 
of death, the pathophysiological mechanisms or terminal events leading to death, and the 
manner of death (/3,22,37). Communication among the different investigators is essential 
(13). Deviations from the standards of investigative practice, either by omission or commis- 
sion, increase the risk of failure of a medicolegal death investigation. The time period of 
death investigation varies depending on the circumstances. For example, a suspicious death 
involving unidentified skeletal remains may remain “open” indefinitely. 


3. THE PSYCHOLOGICAL AUTOPSY 


The use of the “psychological” autopsy can assist in the determination of the man- 
ner of an unnatural death when the circumstances are equivocal (37—43). This approach is 
useful in cases of suspected suicide when initial information is limited. Interviews with 
family, friends, co-workers, physicians, and others by investigators provide insight into the 
deceased’s state of mind and behavior in the past, and in the period preceding death. This 
will assist in analysis of an individual’s suicidal intent (see Chapter 3, Heading 14 /44/). 


4. THE SCENE ( “WHERE?” ) 


4.1. “Dead at the Scene” 


Not examining a body at the scene has been considered a potential pitfall for the 
pathologist in a medicolegal death investigation (/5,23). Scene visitation is not always 
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Table 1 


Autopsy Authorization and the Five “Ws” 


Hospital autopsy 


Forensic autopsy 


Authorization 
(13,16-21) 


“Why”? — The cause 
of death 

“Under what 
circumstances?” — The 
manner of death 
(2,6,8,13,22) 


“Where?” — The scene 
(2,10,23) 


“Who?” — Identification 
(2,13,20,24,25) 


Usually by appropriate family 


member or legally authorized 


representative 
A major focus 


Natural death, i.e., caused by 
disease and/or age 


Hospital 

Other health care facilities 

Home (rarely; chronically ill 
person under palliative care 
and no suspicions regarding 
the circumstances of death) 


Usually known 
Confirmed at autopsy by 


¢ Hospital bracelets (wrist, ankle) 


Mandated by statute. 

Depending on jurisdiction — 
coroner, medical examiner, 
or other legal authority 

A major focus 


The cause of death can assist in 
assigning a manner of death 


Natural 

e A sudden and unexpected 
death from disease 

e Any disease that could account 
for death and was unattended 
by a physician 

Accident 

e A death from an unintentional 
and unpredictable event/act 

Suicide 

e A death from a self-intentional 
act 

Homicide 

e A death from the harmful 
intentions of another 

Undetermined 

e A death in which there is 
insufficient or incomplete 
information to determine the 
manner (e.g., conflicting ver- 
sions of events leading to 
death, skeletal remains) 


Anywhere 

The medicolegal investigation 
may have to consider more 
than one scene— where the 
body was discovered, where 
the individual was actually 
injured/died and subsequently 
moved, where he/she was last 
seen alive 

Investigation of death in health 
care institution, identification 
as for “hospital” autopsy 


(Continued) 
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Table 1 (Continued) 


Hospital autopsy Forensic autopsy 
¢ Tags (body bag, toe) Presumptive 
¢ Review of medical records ¢ Visual identification. 


¢ Clothing and personal effects. 

¢ Circumstances (e.g., sole 
occupant of a locked apartment). 

¢ General physical features (age, 
race, sex, height) 

Confirmatory —i.e., comparison 
of unique antemortem/ 
postmortem information 

¢ Fingerprints 

¢ Dental examination 

¢ Radiology 

¢ Specific physical features (e.g., 
cutaneous findings such as 
tattoos, scars, previous surgery, 


deformity) 
e DNA 
“When?’”— Time of death Pronouncement of death in Exact time if reliable witness 
(see Chapter 2) medical setting Unwitnessed death > 
Exact time if witnessed, e.g., assessment of certain 
during resuscitation postmortem changes (rigor 


mortis, livor mortis, 
temperature, decomposition) 
can assist in estimating time 
of death 


necessary or possible for a pathologist conflicted by other duties. Death scene and wit- 
ness information from different investigators (coroner, medical examiner or investiga- 
tor, police, fire marshal, etc.) can be communicated to the pathologist by various means 
(diagrams, photographs, video and digital images) prior to the autopsy (/3,23). 

If called to the scene, the pathologist needs to document where the death occurred, 
who was present, and when the scene was attended. At the scene, the pathologist’s focus 
must be on the deceased and the surroundings relevant to cause of injury and death (e.g., 
blood stain on a surface, medications, medical paraphernalia, etc.). Investigators can 
question family and witnesses about medical, psychiatric, family, and occupational his- 
tory. If an individual had been hospitalized previously, hospital charts must be obtained 
through a formal medicolegal request. Note is made of any resuscitation efforts that 
could have created artifactual injuries (see Chapter 3, Subheading 2.6. and Chapter 8, 
Subheading 6.2.). Information about the deceased’s position and observable post- 
mortem changes needs to be documented (/3). The body must not be moved prema- 
turely. Premature or inappropriate removal of a body at the scene compromises the 
assessment of the relation of certain findings to the surroundings, including postmortem 
changes used to assess time of death; affects the collection of evidence; raises issues about 
the presence and integrity of certain personal effects and clothing; and potentially causes 
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THE AUTOPSY eee hott 
The Steps To Successful Resolution of a Case Mechanism! 
Manner! 


1 ANCILLARY 


1 TESTS 
i Evidence 
wee eeeeeeened Analyzed sulcus 
| 
1 INTERNAL 
1 EXAMINATION 
' Evidence 
" Collected 
EXTERNAL 
EXAMINATION 
Evidence 
QUESTIONS RE: DEATH Collected ecneneseex 
Cause? STEPS 


Mechanism?) SCENE HISTORY 


Evidence 


2 
Mantiors Collected 


Fig. 1. The autopsy. The necessary investigative steps to successfully resolve a medicolegal 
death investigation. 


postmortem artifacts. Any initial manipulation of the body is confined to the recovery of 
trace evidence (e.g., hair, fibers) that could be lost during transport, a search for means 
of identification, and an overview of injuries (/3,23). Evidence must be preserved by 
using a sealed body bag if the death is suspicious. Detailed examination is deferred until 
the actual examination of the body in the autopsy facility. 


4.2. Rushed to the Hospital 


The immediate cause of death (i.e., the fatal condition closest to the time of death 
in a hospitalized trauma patient) can be from natural causes (e.g., pulmonary thrombo- 
embolism; see Chapter 8, Subheading 12.3.). The individual is predisposed by the 
antecedent or “proximate” cause of death—i.e., the underlying factor (e.g., multiple 
injuries) that initiated an uninterrupted series of pathophysiological events culminating 
in death (i.e., the “mechanism” —hypercoagulability and venous stasis from immobi- 
lization; see Heading 11. /20,22/). 

In the situation of the delayed death of a hospitalized individual from natural 
causes owing to trauma, the pathologist must recognize the following: 

e These cases require medicolegal investigation, which may not have been apparent to the 
clinical team, and the coroner or medical examiner must be notified. 

¢ Well-recognized complications leading to death (immediate causes of death) arise dur- 
ing the clinical care of trauma victims and are similar to those arising in the course of 
a disease (36). 

Delayed trauma deaths, particularly in an intensive care setting, can result in volu- 
minous charts requiring time and care when reviewed by a pathologist prior to the 
autopsy. A cursory perusal jeopardizes the approach required during the postmortem 
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examination to answer clinical questions and satisfy the needs of a medicolegal investi- 
gation. Patience is needed when dealing with disorganized charts, and any missing 
records need to be found. The pathologist must be able to not only decipher but also 
appreciate the significance of the “alphabet soup” of complications arising from trauma. 


4.3. Some Complications During Intensive Care 


The clinical picture of adult respiratory distress syndrome (ARDS) is character- 
ized by progressive respiratory failure that onsets within a few hours of an abnormal 
stimulus (45). Hypoxemia requiring intubation, decreased pulmonary compliance, and 
bilateral chest radiograph abnormalities in the absence of congestive heart failure are 
typical of ARDS (46). Trauma can either independently cause ARDS by triggering an 
inflammatory reaction or requires the mediation of other risk factors (e.g., shock). 

Diffuse alveolar damage (DAD) is a nonspecific pathological lung reaction occur- 
ring in different situations (e.g., pneumonia, aspiration, sepsis, shock, trauma, fat 
embolism, burns, near-drowning; see Chapter 3, Subheading 3.4.; Chapter 4, 
Subheading 5.2. and Table 1; Chapter 5, Subheading 4.4.; and Chapter 8, Subheading 
12.1. /46/). In DAD, inflammatory cell mediators damage alveolar endothelial cells and 
pneumocytes, resulting in an exudative phase within the first week, characterized by 
heavy, red edematous lungs at autopsy (45). Microscopic examination reveals precipi- 
tation of fibrin membranes (hyaline membranes) in the alveoli, mononuclear cell 
inflammation in the interstitium, platelet and fibrin microthrombi, and, toward the end 
of the first week, proliferation of type II pneumocytes. This is followed by an organiz- 
ing phase during which fibroblasts proliferate in the interstitium and alveolar spaces. 
There is either eventual resolution or progressive scarring, leading to “honeycomb” lungs. 

Systemic inflammatory response syndrome (SIRS) is characterized by hyperther- 
mia or hypothermia, tachycardia, tachypnea, and an elevated or decreased white cell 
count, mimicking a septic picture (47,45). SIRS results from a systemic activation of an 
immune response to various infectious and noninfectious processes or diseases associ- 
ated with tissue hypoperfusion (e.g., infection, trauma, burns). Inflammatory mediators 
can be demonstrated in the circulation (e.g., C-reactive protein) (49). 

Multi-organ failure (MOF)/multiple organ dysfunction syndrome (MODS)/multi- 
ple organ failure-syndrome (MOFS) is a possible consequence of SIRS. The typical sce- 
nario is that of a multiple trauma patient who is treated for shock but develops MOF 
days to weeks later (50,5/). MOF is implicated in more than 60% of delayed trauma 
deaths (52). One theory of pathogenesis proposes that release of endogenous gastro- 
intestinal bacteria or their products from an ischemic gut into the circulation results in a 
septic picture, but positive cultures during the clinical course may be a consequence, not 
a cause, of organ failure (5/,53). Despite the septic picture, no infectious focus is found 
at autopsy (53). Postmortem blood cultures rarely provide information that was not 
already known during the clinical course (54). A false-positive blood culture is either the 
result of contaminants introduced during the obtaining of the specimen at autopsy or agonal 
bacteremia, particularly if there is an increased postmortem interval (54). 

Frank hemorrhage in the background of normal coagulation parameters and 
platelet count means that the bleeding is potentially corrected by surgery. Disseminated 
intravascular coagulation (DIC) is the activation of blood clotting owing to endothelial 
and/or tissue damage from various nontraumatic and traumatic causes (55). There is 


Chapter 1/The “Complete Autopsy” £ 


consumption of platelets and coagulation factors leading to a bleeding diathesis. Blood 
oozing from cutaneous puncture sites, incisions, and an operative bed, associated with 
cutaneous purpura/ecchymoses and patchy visceral hemorrhages (e.g., brain, kidneys, 
gastrointestinal tract, lungs), suggests a coagulopathy. Concurrent widespread ischemic 
changes result from platelet—fibrin thrombi in various organs. Fibrinolysis and heparin 
therapy cause thrombi to disappear so that they are not seen in microscopic sections. 

Massive transfusions can lead to coagulopathy (56,57). Packed red blood cells 
have no functional platelets and decreased levels of certain coagulation factors (V, VIII). 
Clotting ability is also reduced by hemodilution from a small amount of solution in the 
transfused-packed red blood cells and platelets. Clotting factors are further diluted by 
fluid shifts from the interstitium to the intravascular compartment as a result of blood 
loss. Hypothermia reduces enzyme activity in the coagulation sequence. Decreased 
body temperature results from emergency transfusion of cold blood and intravenous flu- 
ids, diminished heat production by reduced muscular activity, and increased heat loss 
by immobilization anesthesia. Acidosis caused by tissue hypoperfusion and exacerbated 
by transfusion of older stored blood decreases platelet function and clotting. 


5. IDENTIFICATION ( “WHO?” ) 


Accurate identification of an unknown individual or human remains is essential 
for the following: 

¢ Notification of family to allow for emotional closure, settlement of estates and insur- 

ance claims. 

¢ Completion of official records (e.g., death certification, closure of police records). 

¢ Medicolegal investigation to allow questioning of potential witnesses and known asso- 

ciates of the deceased. 

¢ Criminal and civil legal proceedings (6,25). 

Misidentification can lead to the following: 

e An unauthorized autopsy being done on the wrong body. 

¢ Release of a wrongly identified body to a family and consequent emotional distress and 

administrative delays. 

¢ Wasted investigative efforts. 

¢ Jeopardized legal proceedings. 

Misidentification arises from incomplete, inaccurate, or misleading information. 
The problem is compounded in a high-volume autopsy facility where the haste to com- 
plete cases can lead to the misreading of identifying labels. 

Visual recognition by someone who knows the deceased is presumptive but suffices 
in most cases. Viewing of a body is either at the death scene or in the autopsy facility 
(6,13). If done at the scene, then information about the identification (e.g., identification 
bracelet) must be conveyed to the pathologist. Failure to provide this information may 
require visual identification by the police scene investigator or coroner/medical exam- 
iner to the pathologist prior to commencement of the autopsy. Added stress is placed on 
a family member asked to repeat a viewing. The body removal service sometimes assists 
in the identification. If a person has been hospitalized, then institutional bracelets iden- 
tify the deceased. 

Depending on the circumstances and nature of the scene, viewing in a morgue may 
be preferable because of better lighting, ventilation, and security. Viewing in a separate 
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room outside the main body storage area provides the necessary privacy for the identifier(s) 
and does not disrupt the normal work flow in a busy facility. Viewing can occur before or 
after the postmortem. Autopsy personnel prepare the body and make the face “presentable,” 
i.e., clean off blood and debris (58). Reconstructing a badly injured face may be necessary. 
Before the face is cleaned or altered, the pathologist must accurately document any find- 
ings that could be changed. The pathologist assesses whether the face is not viewable 
because of decomposition, charring, or massive trauma. If part of the face is not presenta- 
ble because of trauma, then it can be covered by towels when the body is viewed. 

Use of photographic images of the face is an alternative to direct viewing. In such 
cases, use of a photographic image requires appropriate angling to minimize the adverse 
emotional effects of an injury (25). The person who identifies the deceased must be 
accompanied by appropriate personnel. A body-viewing protocol can involve autopsy 
facility staff, nurses in a hospital, social workers, pastoral care providers, police officers, 
and coroners/medical examiners. Even when the body of the deceased is preserved, stress 
sometimes causes the identifier to provide a false-positive or -negative identification. 
Emotions at the time of viewing cloud perception. Recognition is difficult because the 
face of the deceased is expressionless. Denial or fatalistic acceptance by the identifier 
compounds the problem. Rarely, an individual is deliberately misidentified for fraudulent 
purposes (e.g., concealment of crime, false insurance claim). Viewing of a body for rea- 
sons other than identification (e.g., emotional closure, culture, religious practice) is prefer- 
able at a funeral home, but use of the autopsy facility may be the only option. 

The documentation of clothing and personal effects is another presumptive means 
of identification. Clothing may be distinctive. An accurate description of the deceased’s 
clothing provides emotional consistency for a family member who last saw the individ- 
ual alive. Personal effects can be deliberately switched or planted to mislead identifica- 
tion efforts. Clothing and personal effects may have already been removed or altered at 
the scene (25). A listing of jewelry items and examination of wallet contents at the scene 
or in the autopsy facility are necessary steps in the identification process. The patholo- 
gist must record clothing and personal effects in the autopsy report. A protocol that out- 
lines items released to police or a funeral home reduces accusations of theft or loss. 

Confirmation of identity is required when: 

¢ No one is available to visually identify the deceased. 

¢ Presumptive means of identification (viewing, clothing and personal effects, circum- 
stances) are ambiguous in an otherwise intact body. 

¢ The deceased is not identifiable by presumptive means because of decomposition, char- 
ring, skeletonization, or extensive trauma. 


Confirmation of identity is by comparison of postmortem findings with ante- 
mortem records (Table 1). Various sources of information (e.g., police files including 
fingerprint records and missing person reports, dental records, medical and other health 
care files, radiographs, laboratory records and samples, employment and military 
records) are used. 


6. EXTERNAL EXAMINATION 


The ability of a pathologist to observe, document, and interpret the significance of 
external injuries is fundamental to forensic practice (/3). The emphasis on the external 
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examination distinguishes a medicolegal (forensic) autopsy from a family-authorized 
postmortem (hospital autopsy //3/). Inaccurate or incomplete documentation of exter- 
nal findings is a potential pitfall for the pathologist (/5). 

A cursory external examination with a focus on the internal dissection to deter- 
mine cause of death provides little insight into how fatal injuries originated. A cuta- 
neous injury can provide an important clue as to the cause of death. In most instances, 
skin injuries themselves have no significant pathophysiological effects, but their docu- 
mentation provides investigative information about what caused those injuries, fatal or 
nonfatal. If an injured person is hospitalized, then the pathologist must review any med- 
ical records, noting resuscitative efforts and any therapeutic and diagnostic procedures 
that could alter an injury or create external and internal trauma (see Chapter 3, 
Subheading 2.6.; Chapter 8, Subheading 6.2.). Perusal of a hospital chart may provide 
little solace for a pathologist searching for a detailed description of external injuries. 
Medical efforts in a clinical setting, particularly when dealing with a severely injured 
patient, are directed to life-threatening trauma. Relatively little attention is given to 
cutaneous injuries. Health care personnel usually do not have the expertise to interpret 
external injuries (e.g., firearm injuries; see Chapter 6, Heading 17.). The pathologist 
must not ignore seemingly trivial injuries that may have medicolegal importance. 
Failure to note details can undermine the credibility of the pathologist during the inves- 
tigation and any eventual judicial proceedings. 

Various methods of documentation are used to provide an effective record. Narrative 
descriptions can be too lengthy. If injuries are not described in continuity, then the report 
is difficult to follow. Word descriptions are enhanced by use of body diagrams (“a picture 
is worth a thousand words” /59/). A diagram also provides an overall impression of the 
extent of injuries, emphasizing their severity (20). Diagrams help in the interpretation of 
photographs. Diagrams can be used as demonstrative evidence in legal proceedings 
instead of photographic images that may be too graphic for jurors (20,59). Photographic 
images assist investigators, other experts, and the court in understanding the findings in a 
case (2,20,59). Although images are not part of the pathologist’s report, they do provide a 
visual record that assists in the preparation of the report (20,59). Photographic images are 
not a substitute for a carefully prepared, accurate report. A pathologist must either take or 
supervise the taking of an adequate number of good-quality images, and be able to state 
that those images accurately portray the observations made at autopsy (20,59). In a crim- 
inally suspicious case, the pathologist must disclose in the autopsy report that photo- 
graphic images are available, because this information is evidence. 


6.1. Photography During External Examination of Cases 
With Potential for Legal Proceedings or for Education 


e If the administrative and legal framework exists, a pathologist may be requested to 
examine injuries prior to death (e.g., in an intensive care unit) with the assistance of a 
police identification officer providing photographic documentation. 

¢ If a hospitalized trauma patient’s death is expected but delayed and the case is under 
police investigation, then the police, with proper authorization, may take images of 
evolving external injuries to assist the pathologist. 

¢ The pathologist needs to view images (print, digital, video) taken by police of the scene 
in certain cases (e.g., “suspicious” deaths, homicides, industrial accidents). 
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If the body is sealed, then an identification officer may photograph seals on cooler 
doors and body bags. 

If images are to be used for educational purposes or other demonstrations, then the face 
must be masked and genital areas covered. 

Photograph the face, before and after cleaning, for injury documentation and identifi- 
cation (see Heading 5.). 

Attempt to crop unwanted details (e.g., pools of blood, gloves, instruments, glare from 
the autopsy table) from the background of any image. 

Photograph the body overall with clothing. 

Photograph the body overall as various layers of clothing are removed, avoiding cutting 
or tearing, and noting any defects and foreign material (/3). 

Attempt to correlate any defects with observed injuries (/3). 

Clothing that is damp from water or blood needs to be examined after it has dried. 
Photograph the unclothed body (front and back) overall, making note of resuscitation 
and other medical procedures (59). 

Focus on certain findings—foreign material, identifying features, and injuries (59). 
Take photographs of injuries before and after cleaning to ensure that certain features 
(e.g., bloodstain patterns) are not lost (59). 

“Negative” findings (e.g., lack of injuries on hands) need to be documented (59). Avoid 
fingerprinting until the hands have been examined. 

Images, particularly close-up views, require a scale with the autopsy accession number 
(either a straight or L-shaped American Board of Forensic Odontology ruler /59/). 
The scale needs consistent orientation (e.g., scale occupies the more inferior part of the 
body in the image), particularly in close-up views (59). 

Close-up images can be oriented by including an anatomical landmark. If a landmark 
is not seen in the close-up, then an overall image is done. 

If separate sets of images are taken by the pathologist and police, review the latter for 
content and orientation, particularly if legal proceedings are likely. 

The pathologist must realize that a personal collection of autopsy images can be used 
as evidence. 


6.2. Autopsy Limited to External Examination Only 


Family objections to dissection may necessitate only an external examination, pro- 
vided that the medicolegal investigation is not compromised (see Heading 7. and refs. 
&, 13, 19, and 60-62). An investigating medical examiner or coroner can limit the post- 
mortem examination to an external examination only, based on adequate background 
information (63). Certain types of cases (e.g., suicidal hanging, massive trauma) may be 
suitable for this type of examination. One study showed that the large majority of 
trauma deaths assessed in emergency departments had unsurvivable injuries. 
Misdiagnosis at this stage had no bearing on the clinical course (64). A well- 
documented clinical course (e.g., motor vehicle collision victim), supplemented by diag- 
nostic procedures (laboratory tests, radiology), provides enough information, although 
internal trauma has been missed in hospitalized patients (/4,62,65). Alternatively, an 
internal examination is essential for a proper medicolegal death investigation, if a cause 
of death is not apparent (66). Some presumed natural deaths are uncovered as unnatu- 
ral following an autopsy (67—7/). The converse also occurs (63,67,69, 70). Studies have 
compared the accuracy in the determination of cause and manner of death based on ini- 
tial history and external examinations, which were then supplemented by an autopsy 
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(63,67,68). The cause of death was accurate in the large majority of unnatural deaths, 
mostly accidents, in one review (63). In contrast, about one-third of natural deaths had 
an erroneous assigned cause of death not supported at postmortem (63,68). Another 
study revealed that certain injuries (e.g., skull fractures) were not appreciated by exter- 
nal examination only (67). The determination that death is a consequence of trauma is 
very important in criminal investigations, work-related compensation cases, and insur- 
ance claims (37,72). 

The use of radiology to determine a cause of death, including death in trauma 
cases, has been described (24,60,73—81). Postmortem radiology is helpful in the detec- 
tion of injuries (see Chapter 5, Subheading 14.8.; Chapter 6, Heading 16.; Chapter 7, 
Heading 9.). The disadvantages of the use of sophisticated radiological techniques are 
the cost and the availability of equipment and radiologists to provide opinions. 


7. INTERNAL EXAMINATION 


If there is a death in a clinical setting that does not require medicolegal investiga- 
tion, then a pathologist, in most jurisdictions, may proceed only with an autopsy that 
has been authorized by the family or appropriate legal representative (/0,/8,60,62,82). 
The request for the autopsy, including internal examination, is initiated by either the 
family or a physician. Unless there is direct contact with the family, the pathologist 
relies on a health care professional, usually a physician, to obtain the appropriate 
informed consent for an autopsy (2,8, /0,/2,21). The health care professional who inter- 
acts with the family members must be aware of their perspective, understand the value 
of a postmortem examination, and appreciate the institutional process related to the 
autopsy (2,30). The hospital may provide information pamphlets to next of kin to assist 
them in understanding the process (2). 

The number of hospital autopsies with consent has declined. From 1972 to 1992, 
the percentage of hospital deaths autopsied with consent decreased to less than 10% in 
the United States (6). Certain trends or perceived barriers have accounted for the 
decline. Some of these are: 


A certain percentage of hospital deaths having autopsies is no longer required for insti- 
tutional accreditation (6,30,83). 

Advances in diagnostic tests lessen the need for autopsies (2,6,30,84). 

Some pathologists are ambivalent about performing postmortems for various reasons (e.g., 
professionally unrewarding in terms of income, advancement, and educational value; dis- 
taste regarding autopsy procedures; fear of infection; perceived lack of sophistication of 
autopsy pathology; low clinical interest; isolation from other colleagues //,6,14,30,83 /). 
The perception exists that family emotions around the time of death prevent obtaining 
an autopsy consent (9,/4,21,85). 

There may be negative perceptions of the autopsy by the family (the patient has “suf- 
fered enough” //4/). 

Other family members may object to the autopsy (53). 

Lack of communication between physicians and family about postmortem results may 
exist. 

The decreased teaching of pathology to health care undergraduates means that fewer 
professionals in the future will have the knowledge and training to properly inform fam- 
ilies about the nature and benefits of the autopsy (/,2,6,8,9,/2,14,21). 
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Beyond its scientific and educational benefits, the autopsy assists families during 
bereavement (2,58,85,86). Emotional closure is possible when the cause of death is 
known. Suspicion and guilt are allayed when reassurance is given that medical care was 
appropriate (1,9, /4,85,87). 

During a 20-yr study period, the overall percentage of deaths in the United States 
having a medicolegal postmortem held steady at about 5% (6). Statutory obligations 
dictate that certain deaths are investigated, and many of these cases require an autopsy 
(60,62). During a medicolegal death investigation, the investigator has temporary pro- 
prietary rights over the deceased until the body is released to the family (/6,2/,58). The 
pathologist acts as a consultant to a coroner or medical examiner if an autopsy is 
ordered (8,/3). The nature of the jurisdiction dictates what percentage of investigations 
need an autopsy (e.g., increased if there is a high homicide rate). The barriers to the per- 
formance of hospital autopsies also exist for medicolegal cases (62). The pathologist 
relies on the ability of the coroner or medical examiner to explain to a family the nature 
of and necessity for an autopsy. Although concerns and objections are overridden by 
statute, a coroner/medical examiner and pathologist still must address them (62). 
Studies have shown that next of kin are more receptive to the performance of a 
medicolegal autopsy if the cause of death is unknown or uncertain, there is a suspicion 
of a crime, ambiguities regarding a life insurance claim are removed, and information 
about the necessity of an autopsy was communicated (/2,58,53). 


7.1. The Limited Autopsy 


In the clinical setting, family authorization for a complete autopsy allows for 
examination of all body cavities, dissection of all body organs, retention of tissues and 
fluid for microscopic examination, and other testing for the determination of patho- 
logical diagnoses that point to a cause of death (2,/4). The family can ask that the 
autopsy be restricted to the examination of certain organs and cavities. 

In forensic practice, complete autopsies are the ideal, but postmortem examina- 
tions can be limited or modified. A high-volume practice and few experienced profes- 
sional and support staff can limit the completeness of an autopsy (20). Bodies 
repatriated from other countries may have only body incisions without evidence of fur- 
ther dissection (89). Certain steps are followed to satisfy religious requirements (e.g., in 
situ examination of organs and return of fluids to the body of a deceased of the 
Orthodox Jewish faith /60/7). A medicolegal autopsy may be limited to finding only the 
cause of death to facilitate timely body release, particularly with pressure from funeral 
directors, and to allow prompt completion of reports. Limiting the autopsy, however, 
can cause findings that contribute to the injury causation to be overlooked (e.g., un- 
diagnosed brain tumor contributing to a motor vehicle collision) or fail to answer other 
questions unrelated to trauma (90). 

Endoscopy has been used as an autopsy technique (9/,92). Needle insertion (e.g., 
cisternal tap to rule out subarachnoid hemorrhage) has been done but assumes the bleed- 
ing is not artifactual (60). 


7.2. Organ Harvesting 


For a family of a hospitalized, severely injured patient, the option of organ dona- 
tion may be offered. This provides emotional closure for the family by reconciling them 
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to the fact that their loss will do some good (93). A medicolegal investigation, particu- 
larly into a criminally suspicious death, takes precedence over organ donation (94). 
Although pressure by family and the transplantation service may be applied, there must 
be assurance that harvesting does not compromise the collection of evidence (e.g., toxi- 
cology specimens), the documentation and interpretation of injuries, and the determina- 
tion of the cause of death (95-98). Communication among police, medical examiner/ 
coroner, medical staff, transplant team, and pathologist is essential (94,99). Isolated 
injuries (e.g., head trauma) allow for both organ donation and a limited autopsy. 
Radiographic examinations and other testing (e.g., echocardiogram) can rule out other 
trauma. In addition to conducting the autopsy, the pathologist may be asked to examine 
the eyes prior to removal of corneas, provide an intraoperative consultation for har- 
vested organs, and examine organs not used for transplantation (95). If the pathologist 
does not attend the operating room during organ harvesting, then the attending surgeon 
must confirm that any removed organs did not show injuries (94). 


7.3. Organ Retention 


There are varying amounts of tissue retained from an autopsy. At one end of the 
spectrum, the final report is based only on the “gross” or external findings (e.g., mas- 
sive trauma). The sampling of tissues used to prepare microscopic slides and storage of 
representative tissue in formaldehyde (“stock material’) is not done in these cases. In 
contrast, whole organs and en bloc specimens are kept for review, particularly if legal 
proceedings are a possibility. 

Depending on the jurisdiction, relatives do have proprietary rights over the deceased 
that allow certain postmortem procedures (e.g., burial) to proceed (/6,17,58,93, 100-102). 
In the United Kingdom, parents’ anger, expressed during the Bristol inquiry, about the 
postmortem retention of their children’s organs prompted the Royal College of 
Pathologists (RCPath) to reassess its policies regarding organ retention in hospital-con- 
sent and medicolegal autopsies (/7,2/,/01/). Similar issues have arisen in Australia (2). 
There is a varying degree of public and professional awareness of this issue in other 
jurisdictions. 

The RCPath has proposed guidelines pertaining to tissue retention: 

e Retention must be lawful—1.e., it must not contravene statute or breach a common-law 

tenet (e.g., obscene display). 

¢ The reasons for organ retention must be defensible, open, and justifiable in law and 

clinical practice (7,8). 

A hospital-authorized autopsy requires an informed relative’s agreement and gives 
a pathologist permission for organ and tissue retention for diagnostic, educational, and 
research purposes (2,7,/8,/0/). A medicolegal autopsy can override a family’s objec- 
tions because of the circumstances of the death (2,2/). Nevertheless, there are con- 
straints on retention in both types of autopsies (/4). The need for retention to establish 
the cause of death is justified and hopefully accepted by next of kin (7,/03). In some 
cases, the pathologist retains an organ that, in retrospect, does not assist in the determi- 
nation of the cause of death (e.g., brain, if “no anatomic cause of death” at autopsy 
[101,104]). Families are more receptive if they are aware of the other benefits of the 
autopsy (8). The pathologist must be discreet in the use of tissues and images for rounds 
and other educational purposes (2/). Depending on a relative’s perception of research, 
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there may be no objection to the use of excess tissue normally removed for diagnostic 
purposes (/2,/4). Ethical approval is still required (2). In cases in which research is cen- 
tered on use of tissue beyond what is customarily removed (e.g., spinal column), then 
special permission from a family member is needed (2/). In forensic cases, permission 
from the head of the medicolegal jurisdiction (chief coroner, chief medical examiner) 
and family may be required to use any material for education and research, which are 
outside the scope of the death investigation (7,14, 17,18,105). 
e Another guideline proposes that, unless the postmortem examination is directed by law, 
autopsy procedures must be sufficiently flexible to reflect the wishes of relatives while 
maintaining the standards of diagnostic accuracy (7). 


Prohibition of tissue and organ retention may mean an inadequate postmortem 
examination (7,2/). A pathologist, under these circumstances, could decline to do the 
autopsy (/03). There should be latitude to allow organ retention, if there are unexpected 
findings (7). Adoption of these proposals means an increased administrative burden on 
already busy autopsy services (2/). 

¢ The RCPath also proposes that, if an autopsy is directed by law, where possible and 

practicable, the relatives should be fully informed before the examination of what is to 
be done and its purpose (7). 

The pathologist should inform the coroner or medical examiner about retention of 
an organ (2,7,2/,/03). This information needs to be conveyed to the family (/7). A fam- 
ily may attach symbolic, religious, or cultural significance to certain organs (e.g., brain), 
but this may not necessarily apply to representative tissue samples for microscopy 
(2,8-11,14,17,19,21,83,101,106,107). Brain retention is necessary to determine the 
cause of death in many trauma cases (7,17, 103). 

Issues regarding the means of tissue disposal (e.g., incineration) and duration of 
organ retention may arise (7). Relatives may request the return of an organ to the body 
or a separate burial by the funeral director; however, if legal issues regarding injury and 
death causation arise pertaining to that organ, then retention is required until the matter 
is resolved or adjudicated (7,/3,94, 103). 


8. TESTS 
8.1. Microscopy 


Study of microscopic sections is the most common test that a pathologist does. 
Microscopy is an audit of the reliability of the interpretations made during the dissec- 
tion (7). Not all forensic autopsies require microscopy, but the criteria are vague and 
rely on the discretion of the pathologist and the nature of the case (6,/3,20,35). 
Selective sectioning, instead of routine sampling of all organs, can decrease the time to 
report a case (//,/4,/08). Without microscopy in certain trauma cases, pathological 
diagnoses bearing on the cause of death cannot be determined (e.g., traumatic axonal 
injury). Depending on the circumstances of death, unprocessed formalin-fixed tissue is 
kept for a finite period and then disposed. Glass slides and paraffin blocks are part of 
the medical record and are archived (7,2/). If required in a legal proceeding, slides must 
be available for review by other pathologists to allow confirmation or revision of the 
original findings (6,2/,/03). 
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8.2. Other Specimens 


The recognition and collection of evidence is an important part of forensic patho- 
logy practice and distinguishes it from a hospital-consent autopsy (6,/3,20). 
Toxicological analysis assists in the determination of the cause of death in certain cases 
(e.g., suspected medication or illicit drug overdose) when there is “no anatomic cause 
of death,” i.e., no gross or microscopic cause of death. Toxicology samples — most com- 
monly blood and urine—are collected. To ensure continuity of evidence, sample tubes 
and containers are sealed. The seal label indicates the name of the deceased, case num- 
ber, date and time sealed, and the type of specimen, and is signed by the pathologist or 
police officer attending the autopsy. If an injured individual survives in the hospital for 
a period of time and then dies, any ethanol or other drugs will have metabolized, ren- 
dering postmortem specimens useless for meaningful analysis (/09). Admission blood 
samples, if available, need to be obtained. The laboratory must be informed to hold 
these samples either by a coroner/medical examiner or designate (pathologist, police 
officer). In this situation, the hospital needs to have a tracking system to ensure conti- 
nuity (/3,35). If samples do not require analysis, they can be stored. 

Pathologists are also responsible for the examination of surgically resected speci- 
mens from trauma cases. 


9. OBSERVERS AT AUTOPSY 


One purpose of the hospital-consent autopsy is to educate. A spectrum of health 
care professionals and trainees are involved. Medicolegal autopsies are also educational, 
but because of confidentiality, particularly in criminal investigations, attendance at the 
autopsy is restricted (/05). 


10. COMMUNICATION OF AUTOPSY FINDINGS AND REPORT 


Following the completion of a family-authorized autopsy, the pathologist may 
speak with the attending physician and provide a brief summary of the initial autopsy 
findings (“provisional anatomical diagnoses’). The clinician conveys these results to the 
family. After the microscopic examination and other tests have been completed, a final 
report is issued, usually to the family doctor and attending physicians. A copy of the 
report is filed in the hospital health records department and becomes available to other 
clinicians and family, with proper authorization. Following the completion of a 
medicolegal postmortem, the pathologist reports the findings to a coroner or medical 
examiner, who interacts with the next of kin. At this stage, any conclusions about the 
cause of death may be limited and need to await further testing (15,22). The pathologist 
may discuss the death with the clinical team caring for a hospitalized individual pro- 
vided the coroner/medical examiner and family have no concerns about the quality of 
medical care. 

A confidential written report is issued to the coroner/medical examiner and other 
parties by statute. Depending on the jurisdiction, distribution of the report varies (/3). 
Requests by family may be deferred, if there are pending criminal proceedings. A foren- 
sic pathologist, functioning as a medical examiner, communicates directly with the fam- 
ily about the autopsy report (//0). This report is also viewed by various agencies and 
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other professionals (//0). A release from a coroner/medical examiner may be required 
before a pathologist’s report of a trauma patient is sent to the hospital health records 
department, where it is available to clinicians. Families appreciate timely release of 
autopsy reports (//0). For hospital deaths, the College of American Pathologists 
Laboratory Accreditation Program recommends 30 d for completion of routine cases 
and 90 d for complicated cases (///). The pathologist must expedite a report if there are 
inquiries from the family and other interested parties. Slow reporting of cases delays not 
only a family’s emotional closure, but also various financial and legal matters (e.g., 
insurance claims, criminal proceedings). 

The format of a report varies, but certain elements are constant (34,///). In addi- 
tion to the name of the deceased and an accession number, the report records the 
autopsy pathologist, assistants, and attendees. The name of the coroner or medical 
examiner who ordered the autopsy is noted. The location of the autopsy and the time 
and date the case began are given. An external examination, including means of identi- 
fication and documentation of clothing, follows. Postmortem changes (rigor, livor, 
decomposition) can be of a greater import than in a hospital case. Signs of recent ther- 
apeutic intervention are noted. The internal examination is a listing of findings accord- 
ing to organ systems. A section devoted to external and internal injuries is in the 
forensic report. Injuries need to be described in continuity rather than being scattered 
in the narrative to allow for easier reading. Reference to diagrams assists in under- 
standing the trauma observed. Microscopy and other ancillary testing (e.g., toxicology, 
radiology) are recorded. Any evidence collected and images, particularly of a crimi- 
nally suspicious death, need to be mentioned. Microscopic sections and photographic 
images are records that allow an objective review of a case, particularly if it involves a 
criminal investigation (34). 


11. CAUSE OF DEATH: THE “BOTTOM LINE” 


An autopsy authorized by next of kin on an individual dying of natural disease 
yields a number of pathological diagnoses. Although the autopsy report in these cases 
does not necessarily require a cause of death, a listing of these abnormal findings 
(“anatomical diagnoses”) provides information to the physicians caring for the patient 
that helps explain to the family why the individual died. In a medicolegal case, the onus 
is on the pathologist to provide a cause of death, which assists the coroner or medical 
examiner to accurately certify a death and assign the appropriate manner. 

Adelson defined cause of death as “the injury, disease or the combination of the 
two responsible for initiating the train of physiological disturbances, brief or prolonged, 
which produced the fatal termination” (//2). The cause of death is immediate if the 
injury or disease kills so quickly that there are no sequelae or complications (//2,//3). 
If a complication (e.g., pneumonia) develops during a period of survival, then that 
sequela becomes the immediate cause of death, and the initiating event is the proximate 
or antecedent cause, provided a direct relation exists (see Subheading 4.2. and refs. //2 
and //3). If an individual survives for a period of time, then clinicians may lose sight 
of the initiating injury that ultimately led to apparent death from natural causes. The 
pathologist, on perusal of a hospital chart, needs to be aware of this and contact the 
coroner or medical examiner. 
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In many trauma cases, the cause of death is well defined (e.g., massive craniocere- 
bral trauma caused by motor vehicle collision //04,//3—117]). In other cases of injury 
with survival, the cause of death can be multifactorial (//4). Each of these factors make 
some contribution to the death of that individual (//3,//6). Other conditions and dis- 
eases could have precipitated the event and influenced the course of the illness but are 
not directly related to the immediate cause of death. These “significant” factors may or 
may not contribute to the cause of death (e.g., cause of death: subdural hemorrhage; sig- 
nificant factors: acute ethanol intoxication, diabetes mellitus ///3/). 

Finding a potential cause of death at autopsy is interpreted in the context of the 
scene investigation and circumstances of the death (//5,//6). Historical events pro- 
vided by the coroner/medical examiner and other investigators are relevant to death by 
trauma; however, this information may be based on unreliable witness accounts and 
may evolve (//6). 

A systematic approach, in most cases, leads to a successful conclusion as to the 
determination of the cause, mechanism, and manner of death (Fig. 1). In some trauma 
cases, the cause of death is undetermined (“no anatomic cause of death”). 
Decomposition renders soft tissue trauma uninterpretable (see Chapter 2 and ref. //5). 
A cause of death may not be determined if there is a lack of investigative information, 
undue haste, misinterpretation of findings, and an incomplete autopsy (//4). In rare 
instances of trauma, an anatomic cause of death is not found despite a carefully per- 
formed postmortem (see Chapter 8, Subheading 6.4.3. and ref. //8). 
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Chapter 2 


Postmortem Changes 


The “Great Pretenders” 


Summary 


After death, natural degradation of a body is manifest as a sequence of changes. Certain post- 
mortem changes, despite being affected by numerous variables, remain rooted as popular methods 
in the determination of the time of death. A pathologist can also be faced with confounding post- 
mortem changes and artifacts, which either alter real injuries or mimic trauma. 


Key Words: Postmortem changes; rigor mortis; embalming; entomology. 


1. INTRODUCTION 


Deaths under medicolegal investigation are frequently unwitnessed and remain 
undiscovered for a period of time. As a result, the pathologist encounters postmortem 
changes that alter and obscure pathological findings, hindering their assessment in the 
determination of the cause of death. These changes can mean that “no anatomic cause 
of death” is found. Postmortem changes also mimic injuries, potentially shifting the 
focus of a medicolegal investigation. 

Certain bodily changes are assumed to occur at a constant rate after death (“rate 
parameters”); therefore, documentation of their extent at a specific time can be extra- 
polated back to the time of death. A review of standard textbooks of forensic medi- 
cine written in the last 50 yr shows that despite the myth fostered by popular 
literature, television, and movies that the time of death can be determined accurately 
within a narrow time frame, the reality is that the evolution of various postmortem 
changes is imprecise, and determination of the time of death is only an estimate (/—8). 
The pathologist can still be asked during an investigation or in court to determine the 
time of death; however, the pathologist is at a disadvantage in this determination. 
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Fig. 1. Cutis anserina (“goose bumps”) caused by cold exposure after death. 


Postmortem changes observed during an autopsy are made after the body has been 
recovered from the scene. Various intervening events (e.g., manipulation of the body, 
storage in a morgue cooler) mean increased inaccuracy to an already imprecise deter- 
mination of time of death. Examination at the scene is the best time to record these 
findings. 

Rigor mortis, livor mortis, temperature change, decomposition, and gastric emp- 
tying are examples of postmortem changes that progress after death and are within the 
scope of a pathologist’s observations during autopsy. Other measurable parameters, 
such as vitreous potassium, are affected by numerous variables (e.g., antemortem con- 
centration, possible concentration differences between eyes, renal function; see also 
refs. 9-/7). Various biomarkers used to estimate the postmortem interval are beyond the 
scope of the usual forensic pathology practice (/S). A combination of observations can 
improve the accuracy of time-of-death estimation (/9). 


2. RIGOR Mortis 


Rigor mortis is defined as postmortem muscle contraction owing to locking of 
actin—myosin filaments because of decreased ATP synthesis (20). 


2.1. Involvement of Involuntary Muscle 


Contraction of arrectores pilorum (smooth muscle of hair follicles) manifests as 
“goose bumps” (cutis anserina; Fig. 1). 
¢ Significance 
e Exposure to cold postmortem. 
Seminal vesicles (smooth muscle) can contract (4). 
¢ Significance 
° Contraction leads to slight expulsion of seminal fluid at tip of penis suggesting sex- 
ual activity prior to death (Fig. 2). 


Chapter 2/Postmortem Changes 25 


Fig. 2. Semen deposition (arrowhead) on inner thigh owing to postmortem contraction of 
seminal vesicles. 


Ciliary muscles of the iris, in rigor, alter pupil size. Pupil diameters range from 0.2 
to 0.9 cm (average size = 0.4 to 0.5 cm or about 0.25 in.). The pupil outline is not always 
circular. Pupils can change independently and be of unequal size (Fig. 3). 

¢ Significance 
o Pupil size has no relation to the cause of death; inequality of pupil diameter does not 
indicate head injury. 

If the myocardium of the left ventricle contracts, its wall appears thickened, and 
the chamber contains a small amount of blood. 

¢ Significance 
o Apparent left ventricular hypertrophy. 


2.2. Involvement of Voluntary Muscle (Skeletal Muscle) 


Involvement of skeletal muscle leads to joint stiffening. The following sequence 
occurs: 


¢ Initial flaccidity (exception: instantaneous rigor): 

o There is sufficient ATP in the immediate postmortem period to allow muscles to 
remain relaxed and joints limp. This phase ranges from 0.5 to 7h (mean =3 +2h /7/). 

¢ Onset and progression: 

o There is simultaneous development of rigor in all muscles, but it is evident sooner in 
smaller muscle groups (20). The evolution of rigor mortis is not necessarily constant 
or symmetrical (/,8). Rigor onsets in the jaws, progressing to the upper extremities 
and then to the lower extremities (Nysten’s law; see also refs. 7 and 2/). Rigor is 
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Fig. 3. Pupil inequality after death. 


assessed as absent, partial, or complete by manipulation of joints during the external 
examination (i.e., opening of the mouth to assess the temporomandibular joints and 
flexion/extension of the elbow and knee joints). The time that rigor is fully established 
in all joints varies from 2 to 20 h (mean = 8 + | h /7/). An individual who dies in the 
supine position shows slight flexion of the elbows and knees. Rigor persists for 24 to 
96 h (mean = 57 + 14h /7/). 
¢ Resolution (secondary flaccidity): 

e Rigor lessens and eventually disappears as denaturation of actin-myosin linkages 
occurs with early decomposition. The disappearance will follow the same pattern as 
the onset. The time range is 24 to 192 h (mean = 76 + 32h /7/). 

Various intrinsic and extrinsic factors influence the development of rigor (22,23): 

1. Temperature: increased body or environmental temperature decreases the time of onset 
and resolution (24). The former is likely the result of increased metabolism of ATP, and the 
latter from rapid denaturation of actin—myosin linkages. Hyperthermia, under various cir- 
cumstances (e.g., sepsis, cocaine use), enhances the onset. Rigor persists for days under 
cold conditions (25). 

2. Muscle volume and body habitus: increased muscle bulk delays the onset of rigor, but 
the rigor will be better developed (3,26). Time for resolution may or may not be 
increased (26). The elderly, cachectic individuals, and infants have a rapid progression 
of rigor, but it is less developed and disappears more quickly. Rigor can be absent in 
emaciated and obese individuals (/). 

Muscle volume is considered a factor that explains why rigor becomes established 
in small joints before larger ones (2/). Rigor mortis occurs more rapidly in small mus- 
cles (e.g., masseter muscle), assuming rigor is a physiochemical process occurring at 
the same time in all muscles (20,21). Animal experimentation shows a greater decline 
of ATP in the masseter muscle than larger muscles (20,27). The sequence of rigor 
could also be explained by the proportion of red and white fibers around the joint being 
manipulated (2/,27). Red muscle undergoes rigor more quickly than does white mus- 
cle (2/). The muscles of mastication in humans have a high proportional area of red 
muscle fibers compared with the leg muscles (e.g., gastrocnemius; see also ref. 2/). 

3. Antemortem muscle contraction: increased muscle activity (e.g., exercise, seizure) prior 
to death hastens rigor (/). Instantaneous rigor (cadaveric spasm, cataleptic rigidity) is 
characterized by the sudden development of rigor usually localized to muscles that have 
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Fig. 4. Instantaneous rigor. Hand gripping telephone in a case of sudden death. 


forcefully contracted perimortem (Fig. 4; see also ref. 1). Generalized instantaneous 
rigidity has been described in situations of considerable excitement and tension. 


Significance 

© Prior to the onset of rigor mortis, a body can be manipulated to any position. 

© Once rigor is established, it will not conform to a new position (Fig. 5). 

e Because many factors influence the progression of rigor, it is variable as a measure 
used to determine the time of death. The inaccuracy is enhanced if only one assess- 
ment is done (28). 

e Rigor mortis is broken by manipulation of the body. If rigor is maximum, then it does 

not return. If rigidity is not fully established, then it returns to a lesser degree in a partic- 

ular joint (range 2-8 h /7/). Forceful manipulation of a stiff joint can tear muscles and 

fracture a long bone weakened by disease (e.g., osteoporosis, metastasis; see Fig. 6). 

Manipulation of the body occurs at different times prior to the autopsy—i.e., at the 

scene, during body removal and transportation, and during removal of clothing (e.g., 

removal of pants from a shirtless individual selectively diminishes rigor in the legs). 

Rigid upper limbs are deliberately manipulated to allow appropriate autopsy inci- 

sions to be made on the torso. Failure to manipulate rigor and expose certain areas of 

the body results in injuries being missed (e.g., venipuncture in antecubital fossa of an 
intravenous drug user). 

Resolution of rigor in the jaws allows the mouth to be examined for injuries, if the 

mouth could not be opened during the initial examination. 

Flaccidity following resolution of rigor can relax muscles of the pelvic floor, lead- 

ing to widening of the vaginal and anal orifices. Suspicion of sexual assault arises 

(Fig. 7). 


° 


° 
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Fig. 5. Man found dead sitting at kitchen table, slumped forward and resting on arms. 
Moved from scene to autopsy facility. 


o The rapid onset of rigor can be linked to certain causes of death associated with 
increased or abnormal muscle contraction (e.g., electrocution, strychnine poisoning, 
myotonic dystrophy; see Fig. 8). 

“Instantaneous” rigor may be consistent with the circumstances of the death. 


° 


3. LivoR Mortis (Livor, LivipiTy, POSTMORTEM HYPOSTASIS, 
POSTMORTEM SUGGILATION) 


Because of the cessation of blood flow at death, there is gravitational settling of 
blood that distends capillaries and veins, resulting in discoloration of skin in the non- 
compressed dependent areas of the body (Fig. 9). Slight hypostasis has been described 
in living individuals dying from a prolonged illness and terminal circulatory failure (4). 
Patchy lividity (1- to 3-cm or about 0.5- to 1-in. areas) has been described in nonde- 
pendent areas of the body and attributed to venous blood being squeezed to the skin 
surface by muscles undergoing rigor mortis (4). A sequence of changes has been 
described: 

¢ Onset and progression: lividity first becomes apparent 20 min to 4 h after death (2,7). 
Discoloration is at maximum intensity from 3 to 16 h (7). At “fixation,” lividity does not 
shift with a change of body position (time range = 6 to 12 h). Complete shifting occurs 
from 2 to 6 h and incomplete shifting (i.e., lividity partly persisting in the original loca- 
tion and changing according to a new position) is possible from 4 to 24 h (7). Fixation can 
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Fig. 6. Fracture of humeral head (arrowhead) caused by forceful manipulation of previ- 
ously fractured arm in rigor mortis at the scene. (Courtesy of Dr. E. Tweedie, London 
Health Sciences Centre, London, Ontario, Canada.) 


occur up to 3 d after death (7,29,30). Blanching of livid areas by thumb pressure occurs 
from | to 20 h (7,31). 

Various mechanisms have been proposed to explain fixation. Blood, initially fluid, 
clots; however, the presence and time of occurrence of postmortem clotting are variable. 
Alternatively, there is diffuse extravasation of blood into soft tissues owing to vessel leak- 
age, but this is also observed in nonfixed livor. Blood seepage is not consistently present 
in fixed lividity (1,30). Blood cannot shift from engorged capillaries because adjacent 
venous pressure is high (4). Another explanation is that unfaded lividity (fixed livor) 
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Fig. 7. Postmortem muscle flaccidity, following resolution of rigor, leads to widening of 
anal orifice. 


Fig. 8. Electrocution. Pronounced flexor muscle contraction of the arms of a man holding 
an antenna, which contacted a high-voltage line. (Courtesy of Office of the Chief Medical 
Examiner, Chapel Hill, NC.) 
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Fig. 9. Suicidal hanging. Suspension for unspecified period of time; lividity in dependent 
areas of arms and legs. 


results from progressive hemoconcentration and red blood cell-clumping resulting from 
transudation of plasma from engorged vessels (30,32). 

¢ Resolution: livor persists until decomposition occurs. 

The significance is as follows: 

¢ The assessment of the degree of lividity can provide only an estimate of the time of death. 

¢ The presence of livor, particularly if fixed, in the nondependent areas of a body at a 
death scene indicates that the body’s position has been changed (1). 


3.1. Distribution and “Pressure Points” 


Compressed parts of the body result in areas of normal-colored skin demarcated by 
lividity. If a deceased individual is supine, “pressure points” are observed on the occip- 
ital scalp, midback, buttocks, posterior thighs, calves, and heels ( 0). If prone, pres- 
sure is applied to the forehead, nose, cheek (if the head is turned), chin, chest, lower 
abdomen, and anterior thighs. Pressure points also develop in areas of constriction or 
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Fig. 10. Person found dead in supine position. Livor on back. Pallor on upper back and 
buttocks corresponds to typical pressure points. Note pale bands at waistline created by 
constriction of belt and underwear. Refrigeration had turned the lividity partly red. (See 
Companion CD for color version of this figure.) 


localized compression (e.g., tight clothing; see Fig. 10). In a supine individual, the 
larynx pressing the esophagus against the spine can cause a transverse band of pallor 
across the cricoid esophagus (4). 
¢ Significance 

© Irregular pale areas in livor on the neck can suggest to an investigator the possibility 
of manual application of pressure—i.e., strangulation; however, this scenario is not 
realistic, as pressure would need to be sustained during the time livor is developing. 
Horizontal pale lines on the skin of the neck suggest ligature compression, assuming a lig- 
ature had been present while livor was developing. Taping or binding an endotracheal tube 
around the cheeks and neck can create this artifact (see Chapter 3, Fig. 20). Similarly, 
prominent skin folds can squeeze an intervening crease (see Chapter 3, Fig. 20). 
If part of the body is resting on a particular surface or object, then its negative image 
can be reproduced on the livid site. This observation can be linked to the scene and 
circumstances of the death (Fig. 11). 


° 


° 


3.2. Discoloration 


Livid skin is either purple/blue or red, depending on the concentration of deoxy- 
genated blood. Red livor is seen if the body is cold (Fig. 10). This is indistinguishable 
from certain poisoning deaths (e.g., carbon monoxide poisoning /33/). Lividity is dif- 
ficult to discern in a dark-skinned individual. Decomposition turns livid areas brown or 
green. Dependent organs and tissues appear “congested” or hemorrhagic (e.g., if supine, 
posterior lungs and retroperitoneum, including kidneys; if prone, anterior organs such 
as heart and intestines). 

¢ Significance 
© Lividity is poorly developed in individuals who are anemic, have bled severely, or had 
organs harvested. 
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Fig. 11. Person found dead with thigh resting on rotary telephone. “Negative” impression 
of dial and extension cord in livid area. 


° 


° 


° 


° 


Apparent cyanosis of the face could be lividity. The heart of a large individual is at a 

higher level than the more dependent head. 

Different colors of lividity are associated with certain poisoning deaths (J): 
Red—carbon monoxide (see Chapter 3, Subheading 3.9.; see also Fig. 12); 
fluoroacetate; cyanide. 

Green— hydrogen sulfide (also generated during decomposition). 
Brown—methemoglobinemia (e.g., ingestion of nitrates; see also Fig. 13). 
Intense purple —propane (34). 

During the initial external examination, livor can obscure an antemortem contusion 

(Fig. 14). Body repositioning during the autopsy can shift lividity from an apparent 

bruise, allowing better visualization. The suspicious area can be examined at the con- 

clusion of the autopsy dissection, when blood has drained from the body and the inten- 
sity of lividity has diminished. Re-examination of a refrigerated autopsied body the next 

day may reveal bright red but diminished livor in contrast to a darker bruise (Fig. 14). 

Antemortem injuries are mimicked by lividity. Patchy red/blue skin discoloration 

suggests a contusion. If such an area is due to nonfixed lividity, then thumb blanch- 

ing helps distinguish it from a bruise. Similarily, incision of an area of lividity is more 
likely to result in oozing of nonclotted blood from vessels in contrast to a true contu- 
sion, where blood has seeped into soft tissue. 
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Fig. 12. Red livor mortis on back. Carbon monoxide poisoning. (See Companion CD for 
color version of this figure.) 


Fig. 13. Brown livor mortis on back. Methemoglobinemia owing to nitrate ingestion. (See 
Companion CD for color version of this figure.) 
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Fig. 14. Woman strangled using armhold. (A) Pale linear lines on lateral aspect of neck are 
caused by neck creases in area of livor mortis. Indistinct bruises (arrowheads) (B) 
Examination of the deceased next day after autopsy dissection. Lividity diminished allow- 
ing visualization of extensive bruising (arrowheads) on lateral neck. (See Companion CD 
for color version of this figure.) 


3.3. Postmortem Hemorrhage 


Bleeding occurs after death if blood vessels, engorged by blood postmortem, rupture. 
Contributory factors include increased pressure caused by body position, early decomposi- 
tion, and trauma. Rupture of capillaries is manifest as petechiae (Tardieu spots). The devel- 
opment of petechiae is a harbinger of decomposition, but they can be seen as early as 2 to 
4 h after death, if the body has been suspended (6). Rupture of larger vessels (venules) 
causes purpura or larger ecchymoses. The distribution of postmortem cutaneous hemor- 
rhage is in areas of livor and is not seen in areas uninvolved by lividity (Fig. 15). 


¢ Significance 

Postmortem hemorrhage (petechiae, purpura/ecchymoses or “pseudobruises,” exter- 
nal bleeding) mimics true injuries occurring antemortem (see Chapter 8, Subheading 
3.1.; see also Fig. 16). 

Open antemortem wounds in dependent body sites can continue to ooze blood after 
death. Open postmortem injuries (e.g. abrasions, lacerations) can redden and “bleed” 
mimicking a vital reaction (35,36). 

A significant amount of bleeding can occur from major vessels in a dependent part of 
the body (e.g., aorta, ranging from 100 to 1300 mL [average 450 mL] into the pleu- 
ral cavity /37]). The presence of a hemothorax from a traumatically ruptured aorta in 
the context of an instantaneously fatal brainstem injury implies that bleeding likely 
occurred postmortem (37). 

Microscopic examination cannot distinguish between the extravasation of blood seen 
in an early antemortem contusion and postmortem hemorrhage. 

Loose supporting connective tissue (e.g., face, neck) in a dependent body site can 
promote the development of external and internal postmortem hemorrhage (see 
Chapter 5, Fig. 5). 


fe} 
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Fig. 15. Found prone. Lividity on chest associated with numerous petechiae, which did not 
involve the nonlivid abdomen. 


Nosebleeds can occur (3). “Pseudobruises” tend to be small; however, pronounced 
facial bruising has been described in an individual who was in a head-down position and 
sustained postmortem scalp injuries (38). Periorbital hematomas (“black eyes”) can be 
caused by direct trauma, tracking of blood from a scalp wound, and hemorrhagic extrava- 
sation from an orbital plate fracture (39). Black eyes can occur around the time of inflic- 
tion of a rapidly fatal injury (39). They can also be observed postmortem (see Heading 11.). 
Removal of eyes for corneal transplantation can cause periorbital hemorrhage (Fig. 17; ref. 
39). Postmortem head trauma can result in periorbital hematoma and is enhanced by livid- 
ity (39). A small hematoma of a single eyelid, compared with extensive hemorrhage in both 
eyelids, in the absence of direct trauma is not necessarily an antemortem event (39). The 
presence of postmortem petechiae and larger confluent hemorrhages in the conjunctiva and 
sclera raises the suspicion of asphyxia from neck compression (Figs. 18 and 19, and refs. 
40—42). Information from investigators about the circumstances of the death and the exclu- 
sion of internal neck trauma by careful neck dissection help rule out foul play. 

A head-dependent position is associated with temporalis muscle and galeal 
hemorrhages simulating blunt trauma (see Chapter 3, Fig. 2; see also ref. 40). The 
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Fig. 16. Suicide by hanging. Victim had also bound his flexed legs with electrical cord (see 
Chapter 3, Fig ). Intense lividity of lower extremities and petechiae noted on posterior 
legs. Perianal “hemorrhage.” No evidence of anal trauma (inset). Congested mucosal veins 
were seen. 


Fig. 17. “Black” eyes. Eyes removed postmortem for the purpose of donation. Sudden 
death owing to cardiomyopathy in an obese individual. (Courtesy of Dr. D. King, Regional 
Forensic Pathology Unit, Hamilton, Ontario, Canada.) 
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Fig. 18. Postmortem orbital petechiae, resulting from the prone head-down position. (A) 
Lividity of face with sparing of left side which was pressed against the floor. Note 
petechiae below right eyelid (arrowhead). (B) Right lower eyelid retracted to show con- 
junctival petechiae. (C) Left eye showed no petechiae. 


Fig. 19. Postmortem orbital hemorrhage. (A) Found prone in tub. (B) Confluent ocular 
hemorrhage owing to pronounced facial lividity. 


head-down position has been recognized as a predisposing factor for the development 
of soft-tissue neck hemorrhage in fatal drownings (6). These hemorrhages can be exten- 
sive (Fig. 20 and ref. 43). Focal hemorrhages are found in the anterior, middle, and pos- 
terior compartments of the neck and are, at least, partly attributable to hypostasis (see 
Chapter 5, Subheading 10.6. /43/). The finding of neck hemorrhage is not exclusive to 
drowning and is found in any situation in which lividity occurs in a body that is prone 
or head-down (see Chapter 3, Subheading 1.4.; Chapter 5, Heading 12.). The effect of 
the prone or head-down position is enhanced if the buttocks are elevated. 
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Fig. 20. Extensive soft-tissue hemorrhage in anterior neck in individual found prone. No 
fractures of the hyoid—larynx were observed. 


4, BoDY COOLING (ALGOR MorTIs) 


Postmortem heat loss occurs by four mechanisms, depending on the scene and cir- 
cumstances (4,6,7): 


¢ Evaporation—humidity and precipitation vary the amount of evaporation from skin and 
clothing. 

¢ Radiation —as a factor, it decreases as the body cools (e.g., sun shining on a body, cool- 
ing system in a dwelling). 

¢ Conduction—heat exchange occurs between contact surfaces owing to temperature dif- 
ferences. 

¢ Convection—heat loss is from air exchange from noncontact surfaces. 


Loss of body heat postmortem has been described as a sigmoidal decline over 
time (4,7). The initial plateau phase assumes that the body is a solid cylinder that 
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loses heat from its surface according to a slowly developing temperature gradient. 
During this time, body metabolism continues to generate heat. If this phase is not 
considered, then a calculation based on rectal temperature, used to estimate the time 
of death, is affected. A linear decrease in rectal temperature follows and is propor- 
tional to the temperature difference between the warm body surface and cooler envi- 
ronment. The final plateau phase marks the decreased effect of the temperature 
gradient. 

Various equations, algorithms, and nomograms using rectal temperature have been 
developed (44). As stated by Henssge et al., “even with the increased complexity of the 
algorithms, this does not guarantee any greater accuracy of the calculated times” (7). 
Simple rule-of-thumb formulae are comparable to more complex methods (6, 7). 

Examples include: 

1. Time since death = (Rectal temperature at time of death — measured rectal temperature 

(°F]) + 1.5 
2. Time since death = (Rectal temperature at time of death — measured rectal temperature 
[°C]) + 3* 

Models developed to determine the postmortem interval based on body temperature 
rely on assumptions and a number of factors, some incalculable (/,7). The rectal temper- 
ature reflects the core body temperature (98.6°F or 37°C). Normal rectal temperature 
varies in living individuals (in adults, 34.2—37.6°C or 93.6°—99.7°F) depending on many 
factors (e.g., diurnal variation, exercise /7/). Because of less developed thermoregulatory 
control, newborns and premature infants can have an elevated rectal temperature. Body 
temperature increases under certain conditions (e.g., sepsis, use of certain drugs [cocaine, 
neuroleptics], nonfebrile diseases [hyperthyroidism]). Depending on environmental con- 
ditions, rectal temperature can be raised or lowered. Hypothermia increases inaccuracy. 
A prolonged agonal period may follow injury (6). During this time, body temperature 
regulation can be affected and cooling may occur before death. 

The greater the difference between body and environmental temperature, the faster 
is the rate of cooling (4). Submersion in cold water cools a body more quickly (4). 
Uncertainty arises if there have been changes in environmental temperature between the 
time of death and temperature recording. The investigator must realize that the body 
recovery site is not necessarily the place of death. Increased body size, body fat, and 
clothing/coverings decrease the rate of cooling (4,7). A thin unclothed body in a cold 
environment may not exhibit an initial temperature plateau (4). Body position (extended 
or crouched) can influence body heat loss (7). 


5. DECOMPOSITION 


Decomposition is the process of progressive postmortem dissolution. Decomposition 
is the result of autolysis and putrefaction (45). Autolysis is tissue softening and liquefaction 
caused by the release of intracellular enzymes. Putrefaction is liquid and gaseous transfor- 
mation of tissues and organs by local and hematogeneous spread of intestinal bacteria and 


* Compensatory number to account for possible initial delay in cooling of body. 
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other microorganisms. Insect and animal predation (anthropophagy) contribute. 
Putrefaction is enhanced if there are open skin wounds. Decomposition is delayed in 
newborns because meconium is sterile. 


¢ Significance 
e Decomposition appears after other postmortem changes (rigor mortis, livor mortis, 
decrease in body temperature) have occurred. As a determinant of the time of death, 
decomposition is subject to considerable variability. 
e A decomposed body poses an identification challenge. 
o A decomposed body found in a dwelling can reflect social isolation (46). A claim by 
next of kin for burial may be slow in developing. 


5.1. Factors Promoting Decomposition 


Factors that promote the onset and progression of decomposition increase auto- 
lysis and bacterial growth, enhancing putrefaction (45). 


¢ Heat: a warm environment promotes decomposition (47). An elevated body temperature 
hastens the onset—e.g., sepsis can accelerate decomposition even in patients who die 
in the hospital. Extreme heat retards decomposition by enzyme deactivation and reduc- 
tion in the number of bacteria. Refrigeration does not necessarily delay decomposition. 
A frozen body can decompose faster when it thaws, as bacteria multiply. 

e Environmental medium: the type of environment in which a body is found affects the rate 
of decomposition. Casper’s rule is that | wk of open exposure to air is equivalent to 2 wk 
of water submersion and 8 wk of burial in soil (45). The deeper a body is buried, the bet- 
ter its preservation during an elapsed period of time (48). This is because the body is cooler, 
slowing decomposition, and is less subject to insect and animal activity (45,48). Corpses are 
spared this activity when buried at a depth of about 1 m (3 to 4 ft) (45, 47, 48). Bodies buried 
in peat have been well preserved for centuries (45). 

Increased conductive heat loss in a body exposed to a certain medium slows decom- 
position. For example, a body lying on a conductive (metal) surface can decompose 
more slowly. 

¢ Body habitus: infants and children cool more quickly, delaying decomposition. The 
insulative properties of fat decrease heat loss and increase the rate of decomposition in 
an obese person, although some have not observed this (47). 

¢ Clothing and other coverings: heavy clothing and thick coverings retain body heat and 
accelerate decomposition, but increased external pressure by tight clothing can delay 
decomposition by preventing gaseous expansion of tissues and bacterial spread in the 
bloodstream (3). 

¢ Body position—postmortem congestion: increased intravascular blood volume (con- 
gestion) promotes bacterial growth and dissemination. Blood loss decreases putrefac- 
tion. Anterior lividity resulting from a prone position congests intestinal vessels, 
accelerating putrefaction. Decomposition is enhanced in the head, neck, and upper 
chest in an individual in the head-down position. 

e Trauma: injured sites provide an entry site for bacteria and faster decomposition 
(45,49). 


5.2. Decomposition Changes (The “Four Ds’’) 


The onset and progression of decomposition are variable. In temperate conditions, 
changes begin 24 to 48 h after death. 
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Fig. 21. Early decomposition. Green discoloration of abdomen. (See Companion CD for 
color version of this figure.) 


5.2.1. Discoloration 


Hemolysis and generation of hydrogen sulfide gas from anaerobic bacteria such as 
Clostridium welchii result in the earliest decomposition change, i.e., blue-dark green dis- 
coloration in the lower abdominal quadrants (right to left owing to proximity of cecum to 
skin; see also Fig. 21 and ref. 50). Eventually the entire abdomen becomes discolored, fol- 
lowed by the rest of the body. Seepage of hemoglobin pigments from hemolysed blood 
and gaseous rupture of blood vessels leads to localized skin discoloration in areas of livid- 
ity (green, purple, black), mimicking contusions (Fig. 22). “Marbling” refers to an arbore- 
sent pattern of discoloration due to hemolysis following a vascular distribution (Fig. 23). 

¢ Significance 

e Localized cutaneous discoloration from decomposition mimics antemortem bruises 
(Fig. 22 and ref. 5/). One study tried to resolve this problem. Although hemoglobin 
pigments filter easily through blood vessels, erythrocyte membranes diffuse less read- 
ily because of their molecular size (5/). Because bruises are caused by actual disrup- 
tion of blood vessels, they contain a large amount of erythrocyte membrane (5/). 
Immunohistochemical studies of contusions and postmortem discolorations showed 
that a positive reaction for glycophorin A, a component of red blood cell membrane, 
indicated an antemortem injury (5/). Glycophorin A was not found in postmortem 
bruises and was present in only a minority of contusions occurring during life. 

o Pre-existent contusions and external hemorrhage are accentuated by hemolysis and 
diffusion of blood. 

o Diffuse extravasation of blood in deeper soft tissues and organs raises the possibility of 
disease and injury, e.g., diffuse “hemorrhage” in posterior scalp of a supine 
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Fig. 22. Focal discoloration from decomposition mimics antemortem bruising. Note 
prominent blood vessels on the livid back. (Courtesy of Dr. M. Moussa, London Health 
Sciences Centre, London, Ontario, Canada.) 


individual suggests trauma; “congested” hemorrhagic lungs (microscopy can even show 

apparent intra-alveolar edema); pancreatic “hemorrhages” simulating pancreatitis. 

Seepage of sanguinous fluid into body spaces and cavities suggests antemortem injury, 

e.g., “Hemothoraces” of less than a few 100 mL of sanguinous fluid in each chest cav- 

ity are consistent with decomposition; markedly “congested” vessels and thin films of 

blood in the subdural/subarachnoid spaces, particularly in the occipital lobe area in a 

supine individual, mimic subarachnoid hemorrhage ( ). Inspection of the vertex 

of the brain, after the calvarium is removed, is advantageous because softening from 
decomposition hinders orientation and examination once the brain is removed. 

o Pink teeth occur during decomposition and result from hemolysis of extravasated 
blood in the dentinal tubules (Fig ; refs. ). Postmortem production of 
carboxyhemoglobin is not a factor (55,57). Cephalic congestion, when it results from 
a head-down position, and a moist environment (e.g., drowning victim) are factors 
that promote the development of pink teeth ( ). Fingernails can also be discol- 
ored pink (57). Pink discoloration of teeth is independent of the cause of death 
(3: ). This change is observed within | to 2 wk following death (5 i): 


5.2.2. Distension 
Various gases are produced (e.g., hydrogen sulfide, methane, ammonia, carbon dioxide) 
during putrefaction. Gaseous permeation into skin/soft tissue and organs manifests as 


crepitus and distension. Localized swelling of the genitalia, anus, and face (bulging eyes, 
tongue protrusion) is seen. The deceased is unrecognizable. Generalized body distension 


° 
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Fig. 23. “Marbling” of right leg in contrast to lividity of left leg. The blood vessels have 
been accentuated by decomposition. 


can suggest an apparently large individual. Gas accumulates in body cavities, and their 
opening is marked by an audible expulsion and visible deflation of the body. 
¢ Significance 
o Apparent “epistaxis” caused by rupture of nasal vessels occurs. 
o Gaseous distension of lungs leads to expulsion of sanguinous fluid and gastric content 
from the mouth and nose (“purge’’), simulating a facial injury (Fig. 26). Gas can force 
feces from the rectum. Postmortem expulsion of a fetus has been described (3). 
o Postmortem surgical wound dehiscence mimics sharp-force injury. A history of prior 
surgery and the finding of sutures in the wound solve this problem (58,59). Dehiscence 
occurs even in wounds that are months old (58). 


5.2.3. Degradation 

Decomposition causes a loss of anatomic integrity of skin and other tissues. Localized 
areas of skin peel (“skin slippage”) occur (Fig. 27). Gas- or fluid-filled cutaneous blisters 
form (Fig. 28). Broken blisters and areas of skin slippage dry out, leaving yellow/brown/red 
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Fig. 24. Decomposed body. Note “congestion” of subarachnoid blood vessels on the pos- 
terior aspect of the brain (below level of arrows). 


Fig. 25. Pink teeth caused by decomposition. (See Companion CD for color version of this 
figure.) 
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Fig. 26. Decomposition. “Purge” of sanguinous fluid from nostrils and mouth. 


areas with a parchment-like texture (F ). The attachment of hair and nails loosens, 
allowing for their easy removal. Scalp hair remains as a mass in warm weather (47). 
Loosening of skin of hands and feet leads to “degloving” (F )). Apparent ruptures of 
the upper gastrointestinal tract (esophagus, esophagomalacia; stomach, gastromalacia) are 
observed. If microscopic examination shows an inflammatory reaction, then the rupture is 
antemortem. Cystic change in the brain (encephalomalacia) mimics infarcts. 
¢ Significance 
© Loss of skin integrity mimics trauma (e.g., abrasion). 
© Blister formation simulates thermal injury. 
e Ocular petechiae can disappear with decomposition, although drying can preserve 
them (42). 


5.2.4. Dissolution 


Certain organs and tissues (e.g., pancreas) decompose quickly, and others (e.g., bone, 
uterus, prostate) are slower to decay. Progressive decomposition leads to disappearance of 
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Fig. 27. Decomposition. Skin slippage. 


Fig. 28. Blisters from decomposition. 
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Fig. 29. Decomposition. Neck and upper chest show skin slippage. Band of yellow-brown 
discoloration following distribution of collar. 


Fig. 30. Decomposition. Degloving of skin of feet. (Courtesy of the Office of the Chief 
Medical Examiner, Chapel Hill, NC.) 
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Fig. 31. Homicide. Autopsy not done during initial investigation because of severe decom- 
position. (A) Shotgun wound of right cheek. Wound was obscured by maggot infestation. 
Death was originally attributed to natural causes.(B) Radiograph of skull showing shotgun 
pellets. (Courtesy of the Office of the Chief Medical Examiner, Chapel Hill, NC.) 


tissues and organs and eventual skeletonization (2 to 4 wk in warm to hot weather) (47). 
Disarticulation of skeletal remains eventually occurs (60). Issues may arise as to whether 
the recovered remains are human (6/). 


5.2.5. “Unfit for Examination” 


Discoloration, distension, degradation, and dissolution, as components of decom- 
position, can disorient a pathologist already reeling from malodorous gases eminating 
from a body seething with maggots. Failure to approach these cases systematically with 
a complete autopsy can result in a traumatic cause of death being missed (Fig. 31; ref. 
62). The more advanced the decomposition, the greater the likelihood of not finding a 
cause of death (“‘no anatomic cause of death,” “undetermined”; see also ref. 62). 


5.3. Variants of Decomposition 


Drying (mummification) is a variant of decomposition. Localized drying can 
affect the tip of the partly exposed tongue, the lips, the tips of fingers and toes, and the 
scrotum (Figs. 32-34). If the eyelids are not closed after death, then scleral drying 
appears as a horizontal brown line (taches noires sclérotiques; see Fig. 35). Another eye 
change is corneal clouding. It occurs 2 to 3 h after death if the eyes are open, and by 24h 
if they are shut (6,8). Generalized transformation of skin to a brown-black leathery 
consistency happens under dry conditions (Fig. 36). An “empty” body—i.e., empty 
body cavities—is sometimes seen (63). Although the estimated time for generalized 
mummification in temperate climates is months, the author has observed it 1 mo after 
death in his locale (southwestern Ontario in the summer). Mummification is possible 
in the snow (64). 
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Fig. 33. Postmortem drying of fingertips: a challenge for police officers trying to obtain 
fingerprints. 
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Fig. 35. “Taches noires.” Scleral drying artifact. 


¢ Significance 

o Drying of fingertips makes fingerprinting a challenge (Fig. 33; refs. 65 and 66). 

o The localized dark discoloration seen in a dried scrotum or tongue mimics injury 
(Figs. 32 and 34). Incision into the site reveals no hemorrhage. Examination of the 
removed testes shows no abnormality. 

o Scleral drying artifact suggests antemortem hemorrhage ( ). The artifact does 
not extend elsewhere on the sclera. 
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Fig. 36. Mummification. Leather-like skin in pelvic area of partly skeletonized remains. 


Another variant of decomposition is adipocere (adipo = fat, cere = wax), a dirty yel- 
low, greasy, or clay-like material formed by alteration of subcutaneous fat by endogenous 
lipases and bacterial enzymes (Fig. 37; refs. 45 and 67). Hydrolysis of triglycerides leads 
to liquified neutral fats (storage fats), which penetrate adjacent soft tissue (e.g., muscle) 
and viscera. Bacterial enzymes transform unsaturated fatty acids into saturated forms, 
mainly palmitic and stearic acid. These fatty acids have higher melting points (palmitic 
acid = 63°C or 142°F, stearic acid = 81°C or 176°F) than the temperature of a gravesite 
(3-16°C or 37—59°F). As a result, the fatty acids crystallize, leading to the formation of 
a firm solid. Adipocere is more likely to form in an obese body or a female because of a 
higher fat content (45). Numerous other factors have been proposed in the development 
of adipocere (e.g., moist or water-logged soils) (45). Adipocere is variably distributed on 
the body surface and encases bones; it has also been noted in a fatty liver. Adipocere can 
remain unchanged for years (45). The reduced water solubility of adipocere means that 
a corpse can retain its shape. The estimated time of occurrence of adipocere in temper- 
ate climates is several months postmortem (45). 


6. GASTRIC CONTENTS 


The description of stomach contents has been used to estimate the time of death, 
if the time, volume, and character of the individual’s last meal are known (68—70). On 
occasion, if pills are not digested, stomach contents provide a clue to a toxicological 
cause of death (Fig. 38; ref. 68). The investigator may request that the pathologist examine 
the stomach, particularly if other postmortem parameters were not recorded during the 
initial examination of the body at the scene. 

Documentation of the type of food, its volume, and state of digestion is done at 
autopsy. One assumption is that if the contents are recognizable and distinctive, then a 
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Fig. 38. Stomach opened at autopsy. In most cases, medications will have dissolved in the 
stomach by the time of death. The finding of an excess number of pills supports intentional 
ingestion. 


similar meal has not been eaten in the interim. Simultaneously ingested liquid, digestible 
solid, and nondigestible solid foods are emptied from the stomach at different rates (69). 
Liquids are emptied rapidly ( ). Another assumption is that digestion and gastric 
emptying proceed at regular rates. Meals of high volume and caloric content are emptied 
more slowly (e.g., light meal, 2 h; medium-sized meals, 3-4 h; heavy meals, 4-6 h), but 
digestion of various foods is variable and continues after death ( ). Some 
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foodstuffs (e.g., fibrous vegetables) are more resistant to digestion and persist in the stom- 
ach (72). Larger pieces of less-chewed food are digested more slowly and remain in the 
stomach longer (7/—73). Gastric emptying varies in the same individual and between indi- 
viduals under similar circumstances eating the same meal (69). Gastric emptying is 
affected by many factors. Some factors delaying emptying include trauma, shock, disease, 
increased intracranial pressure owing to head injury, emotional upset, ethanol, and other 
drugs (e.g., narcotic analgesics; refs. 68,70—72). Severe trauma can delay emptying up to 
several days (70). Stomach contents are rarely useful in estimating the time of death 
because of the many variables involved (68,69, 71,74). 


7. EMBALMING ARTIFACTS 


Embalming is a funeral home procedure that prepares and preserves a body for an 
open-casket funeral and attempts to reduce the effects of various postmortem changes 
(75,76). Embalming leads to drying and hardening of soft tissues (75). Embalmed bod- 
ies eventually decay, beginning at pressure points such as the buttocks and legs, the 
areas least penetrated by embalming fluid (47,77). 

After clothing is removed, the hair is shampooed and a man’s face is shaved (76). 
The body is cleaned (76). An incision, usually in the subclavicular area, allows blood to 
be drained from the venous system and embalming fluid to be perfused, under pressure, 
into an artery (Fig. 39; refs. 75 and 77). Embalming fluid is a mixture of formaldehyde, 
anticoagulants, perfumes, surfactants to reduce surface tension and increase permeation 
of fluid, coloring agents, modifying agents (e.g., moisturizers or dehydrating agents), 
and solvents (alcohols, water, glycerine compounds) carrying the various embalming 
chemicals. Femoral and brachial arteries are also used (75,76). More than one access 
site has been seen (77). The incisions are sutured and absorbent powder or cotton is put 
into the incision base to prevent leakage (77). 

To reduce gaseous distension, the abdomen is punctured near the umbilicus by a 
trocar that perforates the intestine (77). Other viscera are also punctured (Fig. 39; ref. 
76). Injection of the scrotum may be done (77). Trocared hollow organs (e.g., heart, uri- 
nary bladder) are aspirated of their contents, and embalming fluid is injected into the 
body cavities (75—77). The trocar cutaneous wound is plugged with a button or sutured 
(Fig. 39; ref. 77). Sometimes a trocar is inserted directly into an extremity (77). 

Cosmetics are applied to the face. Caps cover the eyes and the jaws are wired or 
sutured (77). Injection of “tissue builders” into the orbits and face, to lessen a gaunt 
appearance, may be done (76,77). 

The body is reclothed. The backs of garments are cut to allow ease of dressing. 
Underlying plastic garments may be necessary to prevent leakage (77). 

If there has been an autopsy, stabilizing metallic clamps are screwed into the skull and 
joined by wires (77). Cavities may be filled with material (e.g., cloth, paper towels) soaked 
in embalming fluid (77). A viscera bag may be present (77). Granular material inside the 
cavities consists of hardening or dehydrating compounds and embalming powders. 

¢ Significance 
© The blood is unsuitable for toxicological analysis. Vitreous is an alternative (76). 
° Blood coagulates, forming “pseudothrombi,” and mimics pulmonary thromboembo- 
lism (Fig. 39; refs. 75 and 77). 
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Fig. 39. Embalmed body. (A) Button on abdomen concealing trocar insertion site. 
Subclavian incision site covered by cotton dressing (arrowhead). (B) Embalmed heart 
showing artifactual trocar wounds. Note clotted blood in main pulmonary artery (arrow- 
head), mimicking a thromboembolus. 


o Injuries are simulated (75,76,78,79). 

o Perfusion of embalming fluid can accentuate preexisting contusions or form post- 
mortem bruises or hematomas (e.g., in the neck area) owing to vessel rupture (Fig. 40; 
refs. 75—77). The decrease in lividity from drainage of blood further enhances the 
appearance of real or artifactual bruises, which can be a source of consternation for 
next of kin and investigators (76). 

© Trocar punctures affect not only intra-abdominal organs but also thoracic and pelvic 
structures (Fig. 39; ref. 75). Cases have been described of antemortem bullet wounds 
being covered by trocar buttons (75,76). 

o Facial makeup can obscure trauma (Fig. 41; refs. 75 and 76). 

o Eye caps need to be removed to observe ocular hemorrhage (76). 

o Wounds can be altered (i.e., sutured [75,77,79/). 

o Shaving can cause neck abrasions, simulating strangulation (76,77). 

o Coloring agents impart a bright red appearance, mimicking carbon monoxide poison- 
ing (76). 


8. FORENSIC ENTOMOLOGY 


Forensic entomology is defined as the use of insects and other arthropods in 
medicolegal death investigations (45,80). The pathologist must be aware of the significance 
of insects on the body and can assist in their collection (49). The pathologist also docu- 
ments findings relevant to the forensic entomologist (e.g., clothing, apparent injuries). 

Flies (order Diptera; Calliphoridae, or blowflies) are among the first colonizers of 
a deceased individual (45). The maturation of these insects (egg—larva—pupa—adult 
insect) serves as a biological clock, 1 to 2 wk following death (45,49,50,5/). Data regard- 
ing fly lifecycles in one area cannot necessarily be used in another region (45,80). The 
presence of ammonia-rich compounds and hydrogen sulfide are important stimulants for 
egg deposition (45). Diptera do not oviposit in mummified tissue, favoring moist tissue 
(45). Development during the larval stages is dependent on the temperature at the death 
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Fig. 40. Embalmed body. The deceased was described as “unsteady” on her feet. She was 
prescribed warfarin because of a previous diagnosis of pulmonary thromboembolism. She 
needed assistance walking when visiting a doctor a few days prior to her death. No con- 
tusions were visible on external examination by the coroner prior to embalming. The 
embalmer remarked that some bruises started to appear while perfusing the body. (A) At 
autopsy, numerous bruises were visible on the chest. (B) Large bruise, inner right arm. 
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Fig. 41. Embalmed body. (A) Facial cosmetic had been applied. (B) Face wiped to reveal 
an abrasion on the left temple. 


scene before the body was found (45,4 ). Eggs are first laid in the orifices or 
wounds of the corpse within seconds of death (Fig , 42; refs. 45, 47, and 82). 

Eggs, larvae, pupae, and adult flies are collected (SO). Larvae are preserved in 10% 
formalin. Eggs and larvae are also placed in a specimen jar with a food source (e.g., liver, 
muscle from body), covered with gauze, and kept at ambient temperature and humidity. 
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Fig. 42. Fly eggs deposited in left nostril. 


¢ Significance 
o Larvae alter wounds (36,49,62). Masses of larvae on the skin can be a clue to a site of 
bleeding (49,82). 
o Live maggots, in the absence of a dead body at a location, suggest that a corpse was 
present (49). The finding of human DNA in larvae indicates feeding on a human body 


(50). 
o Toxicological analysis can be done on fly larvae and reflects use of drugs in the 
deceased (49,50). 


o Refrigeration does not dampen feeding activity by larvae if maggot masses form 

(47,82). Temperatures within these masses range from 27 to 35°C (81 to 95°F /50/). 
o Other insects (e.g., ants, cockroaches, beetles) can create artifactual injuries ( 13: 
refs. - , and 84). 


9. POSTMORTEM ANIMAL PREDATION 


Postmortem predation creates injuries that arouse suspicions of homicide 
(33,36, ). Animal activity alters antemortem injuries (36). The typical case is 
an individual living alone who dies of natural causes (36,89); a free-roaming house pet 
(dog or cat) is trapped inside the house, and its usual food is unavailable. A pet can also 
be motivated by other reasons when food is present (85). A frantic pet may start to lick 
or nudge an unconscious owner and can become frantic, biting the body (85,89). The 
confined space of a dwelling can also lead to aggressive behavior toward the owner (89). 
The postmortem interval for predation is estimated to be less than 1 d (8S). One case 
report, involving a dog, indicated predation within 45 min (89). 

Other mammals (e.g., rodents) can gnaw on the body (855, /). Rodent excre- 
ment or fur at the scene is a clue to the nature of the injuries ( ). Rodent activity 
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Fig. 43. Postmortem predation by ants (arrowheads) causing artifactual “abrasions.” 


occurs indoors in low socioeconomic settings and outdoors among homeless people 
(87). Outdoors, various animals can carry away bones (36,47). 


9.1, Autopsy Examination 


There is a predilection for the exposed soft parts of the body (e.g., mouth and 
nose /36 89/]). Large defects on the face, neck, and torso with variable loss of vis- 
cera and bony injury are observed following predation by large pets (e.g., dog; see 

14 and refs. 36 , and 88). Body parts (e.g., ears) can be missing (Fig : 
ref. 9/). Rodents can gnaw on areas of the body covered by clothes (87). The wounds 
are associated with minimal bleeding or bruising (85— ). Animal hair can be 
found in the wounds (89). No self-defense injuries are evident (S5,87). Bite marks 
caused by canine teeth (dogs and large cats) and claw-induced linear scratch marks 
may be seen at the edge of the defect (Fig. 44; refs. 85 and 89). Stab wound-like 
punctures are characteristic of canine dentition of carnivore origin (85). Rodent pre- 
dation is characterized by layered damage of tissue (90). Rodents continue to gnaw in 
one area until all skin and soft tissue is chewed, exposing tendons, ligaments, and 
bone (87). Compared with the large irregular defect edges of canine predation, rodent 
wounds are smoother, finely serrated, and scalloped (Fig. 45; refs. 36, 85 and 90). 
Parallel cutaneous lacerations indicative of tooth marks can be seen (36,87). 
Microscopic examination of the wounds does not show evidence of an inflammatory 
reaction ( ). 

The stomach of an animal may contain human remains, which can be confirmed 
by microscopic and DNA analysis (89). 
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Fig. 44. Postmortem predation by a dog. (A) Large irregular soft tissue defect of face. Note 
puncture wounds possibly from canine teeth (arrow). (B) Loss of hand owing to predation. 
(Courtesy of Dr. C. Rao, Regional Forensic Pathology Unit, Hamilton, Ontario, Canada.) 


Fig. 45. Rodent predation of fingers after death. (Courtesy of Dr. D. King, Regional 
Forensic Pathology Unit, Hamilton, Ontario, Canada.) 


10, CONCURRENCE (ASSOCIATION) OBSERVATIONS 


The time of death of an individual can be linked to the scene (Fig ). For exam- 
ple, a person who is found dead in a house and has 3 d worth of newspapers accumu- 
lated on the front porch has likely been dead for that period of time. 
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Fig. 46. Kitchen calendar crossed off to the 10th day of the month. The lone occupant was 
found dead 1 wk later in a decomposed state. 


11. POSTMORTEM PROCEDURES 


Postmortem procedure artifacts can create “injuries.” Some examples include: 


¢ Scleral hemorrhage from needle aspiration of eye to obtain vitreous humor; periorbital 
hematoma owing to enucleation of eyes for corneal harvesting (see Subheading 3.3.; 
Fig. 17; and refs. 92 and 93). 

¢ Basal skull fracture caused by forced removal of the calvarium when the skull has not 
been completely sawed. 
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Chapter 3 


Asphyxia 


Summary 


The mechanism of death in asphyxia is impairment of oxygen and carbon dioxide exchange. 
Mechanical asphyxia (i.e., physical interference with breathing and/or circulation) is frequently 
encountered in medicolegal death investigations. Although the presence of external and internal 
petechiae is considered a hallmark of an asphyxial death, this finding is not invariable in different 
types of mechanical asphyxia. Consequently, debate continues about the relative roles of impaired 
breathing and circulation in the formation of petechiae. Hanging is a common type of mechanical 
asphyxia, occurring under various circumstances, some unusual. A range of external and internal 
postmortem findings is observed. Other types of mechanical asphyxia can have more subtle physical 
signs stressing the importance of the systematic approach of the “complete autopsy” in these cases. 
In deaths caused by inhalation of toxic gas (e.g., carbon monoxide), confirmation of the cause of 
death is only by toxicological testing. 


Key Words: Asphyxia; petechiae; carbon monoxide. 


1. INTRODUCTION 


1.1. Mechanisms of Asphyxia 


The word asphyxia is of Greek derivation and means “a stopping of the pulse” (/). 
Any death is asphyxial in nature, but in a forensic pathology setting, asphyxia means 
interference with the exchange of oxygen and carbon dioxide in the body (/). 

Interference of oxygen and carbon dioxide exchange can be by mechanical means 
(mechanical asphyxia). Obstruction to airflow can occur at any level from the nose and 
mouth down to the alveoli (anoxic anoxia /2/). In cases of neck compression, laryngo- 
tracheal obstruction and occlusion of the posterior pharynx by displacement of the 
tongue are possible but are not the only reasons for asphyxia (3—5). Ligature placement 
has been observed above tracheostomy sites of hanged individuals (6,7). Also, vomitus 
is seen in airways of suicidal hanging cases (3). Compression of the neck causes vascu- 
lar constriction. Narrowing of the carotid and vertebral arteries decreases flow of oxy- 
genated blood to the brain; compression of the jugular veins diminishes flow of carbon 
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dioxide and waste metabolites from the brain (stagnant hypoxia /2/). The amount of 
force required to compress neck structures has been determined experimentally: jugu- 
lar vein, 2 kg (4.5 Ib); carotid artery, 5 kg (11 Ib); trachea, 9 kg (20 Ib); and vertebral 
artery, 30 kg (66 lb /8/). These observations imply that venous flow is decreased before 
arterial and airway obstruction occur (3). The loss of consciousness due to venous 
obstruction leads to loss of muscle tone and consequent flaccidity, allowing more pres- 
sure on the neck and narrowing of the carotid artery and airway (3). Impairment of 
breathing by hindering chest wall movement is also a type of mechanical asphyxia. 
Abnormalities of inspired air cause asphyxia. Lack of oxygen is another form of 
anoxic anoxia. Inhalation of noxious gases (chemical asphyxia) leads to either impaired 
interaction between oxygen and hemoglobin, i.e., anemic anoxia (e.g., as a result of carbon 
monoxide inhalation) or the inability of tissues to utilize oxygen, i.e., histotoxic anoxia 
(e.g., caused by cyanide; see Subheading 3.9.; Chapter 4, Subheading 4.1., and ref. 2). 


1.2. Classification of Mechanical Asphyxia 


The following is a classification of mechanical asphyxia based on the level of 
obstruction: 


Smothering (suffocation) — gagging (mouth and nose). 

Choking (mouth, oropharynx, larynx). 

Strangulation, including hanging (neck including larynx, trachea, and major blood 
vessels). 

Positional asphyxia (neck). 

Drowning (upper and lower respiratory tract). 

Traumatic asphyxia—overlaying (chest). 

Wedging — interposition (chest). 


1.3. Asphyxial Stigmata 


Certain external and internal postmortem findings have been associated with 
asphyxia but are nonspecific: 


¢ Cyanosis (purple discoloration of nailbeds and face, including lips and earlobes). 

¢ Fluidity of blood. 

¢ Pulmonary congestion and edema. 

e Dilation of right ventricle (see Subheading 1.5.). 

¢ Petechiae on serosal surfaces (epicardium, visceral pleura) and certain organs (e.g., thy- 
mus; see Heading 6 and Fig. 1). Care must be taken in interpretation of apparent 
petechiae on the pleural surface. Subpleural petechiae may appear or disappear during 
the course of an autopsy. The latter occurs when the lungs have been removed from the 
mediastinum. “Pseudopetechiae” can also be misinterpreted. These can be the result of 
engorged venous channels in the pleura, small areas of thickened pleura, or subpleural 
collections of carbon pigment (9). 


1.4. Neck Compression and Petechiae 


A petechia is a pinpoint, nonraised, round purple or red spot (<2 mm or 0.125 in.) that 
results from capillary rupture (/0). Areas of the body lacking relative tissue support are 
prediposed to petechiae (//). Various nonasphyxial mechanisms can cause petechiae (e.g., 
widespread cutaneous and visceral petechiae in fulminant infections such as meningococ- 
cemia associated with direct capillary damage and consumption coagulopathy //0/). 
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Fig. 1. Petechiae of thymus in a case of sudden infant death syndrome. In areas, multiple 
petechiae have become confluent. 


The presence of petechiae has been causally linked with asphyxia. Capillary rup- 
ture was thought to be caused by increased intravascular pressure and hypoxia ( ). 
Their distribution in the head and neck arouses suspicion of neck compression; how- 
ever, petechiae are noted in nonhypoxic individuals and in survivors of strangulation 
who were not rendered unconscious (/9). Cephalic petechiae are observed in volunteers 
suspended upside down, resulting in increased intraocular pressure (20). 

Increased cephalic venous pressure alone is the factor responsible for the develop- 
ment of postmortem petechiae in areas of lividity, particularly cephalic petechiae in the 
head-down position (see Chapter 2, Subheading 3.3. and ref. 2/). Subgaleal petechiae are 
considered an artifact of scalp reflection during autopsy; however, in the context of a 
case, they can indicate increased cephalic venous pressure, either antemortem or post- 


mortem (i.e., face down; see F and refs. /, 15, 22, and 23). In certain types of 
mechanical asphyxia, cephalic petechiae reflect increased venous pressure with variable 
arterial blood flow (10,14,24,25). Cephalic petechiae imply incomplete or intermittent 


neck compression. Their absence, in the context of neck compression, means complete 
reduction of arterial and venous blood flow to the head (e.g., “complete” hanging; see 
Subheading 2.1.6.). In rare cases, carotid sinus stimulation by neck compression leads to 
sudden death from vagal-induced cardiac arrest (3,5). In this scenario, cephalic petechiae 
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Fig. 2. Reflected anterior scalp exposing calvarium. Scattered petechiae on scalp under- 
surface (arrow) and temporalis muscle (arrowhead.) Deceased found facedown. 


are absent (5,26). Certain types of mechanical asphyxia (e.g., smothering), which do not 
involve vascular compression, rarely show petechiae, and if observed, they are few. 

Conjunctival petechiae do occur in the absence of facial cutaneous petechiae. 
Although some sources have stated that facial petechiae are not present without ocular 
petechiae, cases of isolated facial petechiae have been described (e.g., 1-yr-old sus- 
pended from crib, overlaying death in child /24,27,28]). Observers have noted that 
petechiae tend to be less frequent in pediatric asphyxial deaths (/7,29). 


1.5. Chest Compression and Cephalic Petechiae 


The jugular venous system divides into the more superficial external jugular vein 
(EJV) and the internal jugular vein (IJV). Not all veins of the head and neck are valve- 
less. The IJV valve is situated 0.5 to 2 cm (up to 0.75 in.) above the union of the sub- 
clavian and internal jugular veins (30). The valve normally prevents retrograde blood 
flow to the brain when there is increased intrathoracic pressure (e.g., coughing /30/). In 
individuals with a normal central venous pressure (CVP), coughing creates an average 
transvalvular gradient of 45 to 50 mmHg across a competent valve. Cadaver studies have 
shown that the IJV valve remains competent up to an average gradient of 75 mmHg. 
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Unlike the subclavian veins, the IJV is in direct line with regurgitant systolic venous flow 
from the right side of the heart. 

If the competence of the normal IJV valve is exceeded, then increased cephalic 
pressure leads to capillary rupture and the development of facial and ocular petechiae. 
This distribution of petechiae can be seen in normal, conscious, nonhypoxic individu- 
als who experience forceful chest wall and abdominal muscle contractions (e.g., labor 
and delivery, prolonged severe vomiting or coughing //2,2/,30/). Glottic closure by a 
Valsalva maneuver can enhance intrathoracic pressure (/2). 

The transvalvular gradient is reduced if the IJV valve is damaged. Chronic dam- 
age results from long-standing CVP elevation owing to tricuspid valve regurgitation. 
Acute damage can occur with the insertion of central venous lines. 

Cephalic petechiae are observed in natural deaths in which there has been an ele- 
ment of acute right heart failure (i.e., decreased venous flow) but continued left ventric- 
ular function (i.e., systemic arterial circulation //2—/4/). Complete heart stoppage 
should not result in petechiae (/2). Cardiovascular disease, particularly atherosclerotic 
heart disease, is the most common disease associated with petechiae, but other condi- 
tions (e.g., epilepsy) can also display facial and ocular petechiae. Trauma, other than 
neck compression (e.g., gunshot wound to head, craniocerebral trauma alone or with 
other injuries), is associated with cephalic petechiae (/3). 

Cardiopulmonary resuscitation (CPR) in deaths from disease and injury may play 
a role in the development of petechiae in the head and neck and appears to enhance the 
development of conjunctival petechiae (see Subheading 2.6.1. and refs. /3 and /4). One 
report described an extreme case of chest compression and cephalic bleeding. A man 
developed a subarachnoid hemorrhage following 45 min of CPR (3/). In contrast, one 
study stated that CPR alone did not produce petechiae (30). Few cases of petechiae were 
seen in individuals dying of lung disease or pulmonary thromboembolism, both condi- 
tions associated with right ventricular failure. CPR may enhance petechiae already 
developing prior to the onset of resuscitation. Studies of intermittent chest compression 
in resuscitation have shown variable results in terms of IJV valve competence. 
Mechanical chest compression of 80 to 100 Ib at 60 compressions per minute showed 
an average transvalvular gradient of 19 mmHg and a competent valve even with pro- 
longed times before resuscitation was initiated (30). In contrast, another study, using 
manual and mechanical CPR at 80 compressions per minute and an estimated force of 
70 lb, showed regurgitation during the systolic phase. Many cases of traumatic asphyxia 
show signs of a marked increase in cephalic venous pressure (see Subheadings 3.8.3. 
and 3.8.4.). Continuous chest compression, usually involving a considerable weight 
differential, is involved (i.e., >1000 lb or 5—10 times adult weight). 


1.6. Intrathoracic Petechiae and Sudden Infant Death Syndrome 


Sudden infant death syndrome (SIDS) was defined by an expert panel convened by 
the National Institute of Child Health and Human Development as “the sudden death of 
an infant under one year of age which remains unexplained after a thorough case investi- 
gation, including performance of a complete autopsy, examination of the death scene, and 
review of the clinical history” (see Subheading 2.1.5. and ref. 32). Typically, these chil- 
dren are well or have had symptoms of a cold, are put to bed, and are then found dead 
(33,34). SIDS likely represents a heterogenous group of disorders (35). Autopsies on these 
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children show features that overlap with nonspecific signs of asphyxia (see Subheading 
1.3. and refs. 36-38). Pulmonary congestion and edema result in expulsion of fluid from 
the nose and mouth (34,37). There is right ventricular dilation (37). Petechiae commonly 
involve the thymus, visceral pleura, and pericardium (Fig. 1) (32,34,36,37,39). This dis- 
tribution was thought to arise from changes in intrathoracic pressure caused by forceful 
respiratory efforts against some type of mechanical occlusion of the airway (see 
Subheading 3.4. and ref. 9). Some cases of SIDS may be caused by smothering, which has 
similar nonspecific findings (see Subheading 3.1. and refs. 34,36, and 37). 


1.7. Microscopic Indicators of Asphyxia 

Attempts to diagnose and discriminate among different types of asphyxia based on 
microscopic examination of lung tissue have been described. One study showed the 
following: 


Aspiration—congestion, septal hemorrhage, foreign material (see Subheading 3.4.). 
Suffocation— ductal overinsufflation, interstitial edema (see Subheading 3.1.). 
Drowning—intra-alveolar edema, dilation of alveolar spaces, with compression of 
septal capillaries (see Chapter 5, Subheading 11.4.). 

Strangulation (including hanging)— alveolar hemorrhagic edema with collapse, intersti- 
tial edema, and emphysema or focal emphysema associated with bronchiolar dilation/ 
constriction (40,41). 


Pulmonary hemosiderosis has been proposed as an indicator of asphyxia. There did 
not appear to be a correlation between presence of lung siderophages and deaths classi- 
fied as “asphyxial” in a study of 206 infant deaths (premature newborns to 49 mo /42/). 

Many asphyxial deaths are unwitnessed and often victims are found dead. Some 
individuals are resuscitated, but develop hypoxic—ischemic encephalopathy and die 
from secondary pneumonia (7,/5). 


2. LIGATURE AND SUSPENSION DEATHS 


2.1. Hanging 


Hanging is defined as a constriction of the neck because of force applied as a result 
of suspension by the weight of at least part of the body (Fig. 3; refs. 3 and 43). The typ- 
ical hanging death involves tightening of a ligature, but this is not necessary (29,44). 
Accidental hanging may not involve a ligature (see Subheading 2.1.5. and ref. 28). 
Although hanging is a form of ligature strangulation, the latter implies neck constriction 
from a ligature not tightened by the body’s weight during suspension. In rare cases, a 
neck ligature is tightened by a suspended weight applied by a supine individual (45,46). 
Additional outside force is sometimes applied to tighten the ligature (e.g., motor vehicle, 
elevator [44,47,48/). 

The amount of body weight involved tightening the ligature depends on the posi- 
tion of the body. Khokhlov determined the following (49): 


Position % of Body weight involved stretching ligature 
Standing, toes touching floor 98% 
Standing, feet flat >65% 
Kneeling, buttocks down 74% 


Kneeling, buttocks up 64% 
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Fig. 3. Hanging in sitting position. 


Sitting, back inclined down 32% 
Sitting, back upright 17.5% 
Recumbent, prone 18.3% 
Recumbent, supine 9.7% 


In studies of hanging deaths in Australia and Northern Ireland, fewer than half of 
the bodies were completely suspended. About 40% of the Australian victims were 
standing (/6,43). Hanging lying down occurred in 1% of cases. This was also observed 
in the Northern Ireland series (50). If the point of suspension is high, a means of eleva- 
tion (e.g., stool, box, or ladder) may be nearby (50). 

The following weights have been observed to compress or damage neck structures 


(8,49): 


Jugular vein 2 kg (4.4 Ib) 
Carotid artery 2.5 to 10 kg (5.5 to 22 Ib) 


Airway (level of thyrohyoid membrane) 10 kg (22 Ib) 
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Trachea 15 kg (33 Ib) 
Vertebral artery 8.2 to 30 kg (18 to 66 Ib) 
Fractures 

Thyroid cartilage lamina 14.3 kg (31.5 Ib) 

Cricoid cartilage 18.8 kg (41 Ib) 


Studies of fresh human larynges show that thyroid and cricoid cartilage fractures 
occur with the application of static forces averaging 15.8 and 20.8 kg (34.8 and 45.8 Ib), 
respectively (5/). Dynamic forces (velocities up to 11 mph or 18 km/h) cause fractures 
at forces averaging 30% more. Imminent structural collapse and severe fatal airway 
compromise occurred when the force averaged 55 kg (121 Ib). 


2.1.1. Hanging in the General Population 


Hanging is acommon method of asphyxial suicide in many countries (43,52—56). 
In various studies, at least 70% were males (24,43,50,57—59). The age range varies from 
late adolescent to very old (58,59). A history of a previous attempt may be elicited (up 
to half of deaths in one English study /59/). The same series documented a suicide note 
in about one-third of cases, consistent with other reviews (43,59). The victim’s home is 
the most frequent site, but hangings also occur in outside locations (5,23,43,50,53,58). 

Some suicidal hangings arouse suspicion of homicide (e.g., unusual location, such 
as a motor vehicle /60/). Conversely, a suicidal hanging can be staged as a homicide 
(e.g., gag in mouth /6/,62/). In these cases, the victim can be motivated by life insur- 
ance restrictions, revenge against family and associates, notoriety, and arousal of sym- 
pathy and guilt from others. More than one victim can be found at a scene (5,23,63). A 
hanging can be staged as a suicide to conceal a homicide (e.g., strangulation /64—-67/). 
Unless the victim is an infant or an adult incapacitated by either disease, sleep, an intox- 
icant, or other life-threatening trauma (e.g., prior strangulation and beating to uncon- 
sciousness), homicidal hanging by a single assailant is difficult (5,66,68,69). A single 
assailant implies a disparity in size between the assailant and victim (7). Homicidal 
hanging of a normal, conscious adult victim likely involves several assailants (e.g., 
lynching /66/). 

A psychological autopsy to assess suicidal risk factors can assist in determination 
of the appropriate manner of death (see Chapter 1, Heading 3. and refs. 67 and 70). 
Scene investigation (e.g., absence of forced entry, no evidence of theft or struggle) is 
helpful in exclusion of suspicious events leading to the hanging. 

Accidental deaths from hanging rarely occur in adults (e.g., suspended by shoul- 
der belt in motor vehicle, suspended in elevator; see refs. 44, 48, and 7/ and Fig. 4). 


2.1.2. Hanging During Incarceration 


All manners of death are possible while the victim is in prison (72—78). Inmates 
of prisons have a higher rate of suicide than the general population (72,74, 78-85). 

In jail, the risk of suicide is increased because of the transient nature of the popu- 
lation and the fact that jail is a new experience for many of these new inmates 
(76,78,80). The inmate may be intoxicated when jailed (58,78,80,85,86). Although 
some studies have shown that jail suicide victims have been incarcerated for nonviolent 
crimes, others have observed that arrest for crimes against persons (e.g., armed robbery, 
rape, murder) predominate, and the anticipation of a lengthy prison sentence is a possible 
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Fig. 4. Reclusive woman found slumped on her side suspended from a bent door key 
(arrow), which was tied to a shoelace worn around the victim’s neck. Postmortem toxico- 
logy showed ethanol intoxication. 


stressor (73,76,80,82,87). This contradiction could be attributed to the type of facility 
involved (8&2). Individuals admitted to lockups (police-run short-term detention facili- 
ties) are there usually for minor offenses and sometimes are withdrawing from alcohol 
and drugs (82). Prison inmates typically have been arrested for more serious charges 
(82). One review revealed that at least 75% of victims had a psychiatric history (87). 
Most jail suicides occur within | to 2 d of incarceration (58, 73,78,80,55,57). Self-inflicted 
sharp force injuries are common, but hanging is more likely to be lethal ( ). Bed 
linen is commonly used as a ligature in prisons (83,87). 

Long-term prison inmates who commit suicide have a high frequency of psychiatric 
disorders diagnosed either prior to or during incarceration (72, 76,83,58,89). The prospect 
of lengthy incarceration is a motive for suicide (S/,89). In a Texas study, at least half of 
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imprisoned suicide victims had made a prior suicide attempt, about two-thirds had made 
at least one attempt during their imprisonment, and about two-thirds had a history of 
alcohol and substance abuse (88). Other studies have shown a similar high incidence of 
drug abuse and suicide attempts (76,83). Lack of access to alcohol and drugs may reduce 
the ability of the inmate to deal with the stresses of prison life (88). The majority (60%) 
of prisoners in a British study killed themselves within the first 3 mo of incarceration 
(89). Studies have shown that many hanging suicides tended to happen between midnight 
and 8:00 AM, when supervision was reduced (80—82,87). Some suicides occur during the 
day with the expectation by the victim that imminent resuscitation by staff is possible 
(89). An inmate may stage a hanging to stimulate apparent unconsciousness. Consequent 
hospitalization can provide a means of escape (78). The majority of victims are male 
(83,58). Most are younger than 35 yr of age, mirroring the general prison population 
(76,59). Various means (e.g., overdose, cutting, jumping, strangulation) are used, but 
hanging is the most frequent (76—78,80,81,55,87—90). In one study, 95% of suicide 
victims in a maximum security psychiatric institution hanged themselves (79). 

Deaths in jails and prisons require careful scene investigation and a thorough 
autopsy, particularly because of public allegations of homicide against the authorities or 
criticism of their failure to recognize a potential suicide (74—78,80,90). 


2.1.3. Psychiatric Institutions 


Suicide rates in psychiatric institutions, particularly involving schizophrenics, are 
higher than in the general population (9/). Suicides are committed while on approved 
and unofficial absences from the hospital (9/). Violent methods (e.g., jumping in front 
of a train or off a building, hanging) are the usual means. Suicides are unpredictable in 
this setting because patients will give little warning, and there may have been apparent 
clinical improvement (91). 


2.1.4. Nursing Homes and Other Chronic Care Facilities 


Residents of nursing homes and other chronic care facilities may be restrained. 
The following criteria have been proposed for attributing deaths to restraints: no appar- 
ent acute illness at the time of death; restraint at the time of death or immediately 
before; discovery in abnormal restraint position such that the patient would have had 
great difficulty in self-extrication; and exclusion of postmortem postural changes (92). 

Deaths may be unwitnessed (92-95). In a retrospective analysis of physical 
restraint deaths occurring mostly in nursing homes, victims were found suspended from 
chairs or beds (92). Detailed analysis of these deaths showed that all were demented, 
most had impulsive or involuntary movements, and many had recently tried to escape a 
restraint or been found in an abnormal position while restrained (92). A vest restraint on 
a seated patient may be improperly positioned initially or subsequently. A bottom strap 
may be absent. As a result, sliding under the vest occurs with consequent pressure on 
the neck, leading to asphyxia (Fig. 5; refs. 92,9496). These patients, because of dimin- 
ished physical and mental abilities, are unable to extricate themselves (94). A victim’s 
small size is also a contributory factor (92). A wheelchair can flip, entrapping an indi- 
vidual in a vest restraint (see Subheading 3.7. and ref. 97). 

Other types of suspension deaths have been described in this setting: neck com- 
pression from an electrically raised head of the bed with an improperly positioned 
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Fig. 5. Simulation of sliding under a vest restraint fastened only on the chest. (Courtesy of 
Dr. J. Walton, Huron Perth Healthcare Alliance, Stratford, Ontario, Canada.) 


restraint; slippage between the side bar of a bed and mattress with the neck caught on 
the side bar; and falling out of bed with the electrical cord of a bedside lamp around 
the neck (see Subheading 3.2. and refs. 45,92,94,98, and 99). Chest compression may 
play a role in victims found hanging from beds (see Subheading 3.8. and refs. 92, /00, 
and /0/). 

Resuscitation efforts alter the position of the patient, and eyewitness accounts do- 
cumented in medical records are important in determining how the individual died 
(100,101). The possibility of asphyxiation may be not appreciated, and the physicians 
certifying the death may not intensively investigate a death in a chronic care facility 
(92). Staff may attempt to conceal an unnatural death by scene alteration or by failing 
to report the incident because of fear of criminal and civil proceedings (92,96,98). 


2.1.5. Children and Adolescents 
2.1.5.1. SUICIDES 


Suicide by hanging is rare in children. An Australian study observed that 3.7% of 
298 hanging deaths occurred in children 12 yr of age or younger (28). An 8-yr-old male 
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victim was documented in an American study (/5). Another study noted a 9-yr-old boy 
(102). A 7-yr-old was observed in a series from Northern Ireland (50). Scottish and 
Turkish series showed a minimum age of 11 yr and a male predominance (/03,/04). 
Various reasons for children committing suicide include anger toward parents, manipu- 
lation to gain love, and a desire to join a dead relative (/02,/05). 

Adolescent suicide victims in various American jurisdictions favored the use of 
firearms, but hanging was the most frequent method in other countries (/06—/08). 

Various studies have noted that psychiatric disorders, including drug and alcohol 
abuse, history of suicide threats and attempts, antisocial behavior, and disturbed family 
structure were common (70,106,107). A note was left in up to one-third of cases. Deaths 
usually occur at home (/06). Most deaths are unwitnessed by adults, but other children 
can be present in some cases (/03). 


2.1.5.2. ACCIDENTS 


A study from Scotland showed a rate of 0.7 accidental hanging deaths per 100,000 
children per year (/03). Hanging deaths in children aged 6 yr and younger are usually 
accidental (/5). Hangings involving children between 6 and 12 yr of age can be equi- 
vocal in terms of manner of death because, at this age, a child may not have the insight 
into the nature of death (/07). 


¢ Child 1 yr old or younger (unable to stand) 
o Entrapment of head and neck in crib, baby buggy (see Subheading 3.2. and refs. 15, 
28,50, and 109-112). 
o Entanglement of clothing in crib (4,28). 
o Caught in diaper bag string, elastic strap, pacifier cord, chain (4,43,/ 13-115). 
¢ Child older than 1-3 yr (able to stand /1/6/) 
Suspension from foot of bed/mattress (29). 
Suspension from high chair (4). 
Ligature suspension (e.g., restraining harness or straps in crib or car seat, clothing, 
pacifier cord, curtain cord, collapsible clothesline, wall light switch strings, looped 
rope swing /4,15,25,29,48, 103,117—121]). 
Neck compressed by upper edge of car window and body suspended (Fig. 6; refs. 4, 
122, and 123). 
Neck caught between hinged lid and toy box (//4). 


° 


° 


° 


° 


° 


Crib deaths include SIDS cases (see Subheading 1.6. and ref. 4). Scene investiga- 
tion and interviews of caregivers must exclude the possibility of accidental asphyxia. 
Inspection of the crib determines whether it is unsafe, defective, or hazardous (4). 


¢ Older children (unsupervised /4/) 
o “Play” hanging (e.g., pretending to be a cowboy); “experimental” behavior (4,/5,28, 
48,50, 103,116,124,125). 
e Isolated or repeated acting out for sympathy after punishment or stress (4,125). 
e Jumping or playing on bed and suspended by lanyard key, headband (/25,/26). 
eo Neck caught between window and window sill (4). 
o Suspended from playground equipment (4,48, /03, 114,127). 
e Physically handicapped child caught in a restraint (see Subheading 2.1.4. and ref. 4). 
e Autoerotic asphyxia (see Subheading 2.7. and refs. 4,43, and 48). 


Because of the lack of adult supervision, all unnatural manners of death must be 
considered (Fig. 7). 
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Fig. 6. Accidental suspension death. (A) Young girl found suspended on outside of car with 
her neck wedged between edge of partly open window and A-pillar. Fingerprint smudges 
on window. (B) Partial neck furrow. 


2.1.5.3. HOMICIDES 
Some examples reported in the literature include: 


¢ 8-yr-old female found hanging in open area (7,28,/03). 
¢ 2.5-yr-old male (dyadic death //28/). 
e 4-yr-old female suspended from a doorknob (/28). 


Sexual assault must be considered under these circumstances (7,28,43,/03). 
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Fig. 7. Hanging death of undetermined manner. (A) Young boy found suspended, under 
suspicious circumstances, from a coat hook on the toilet stall door in the washroom at his 
school. (B). Survival in hospital for several days. Severe hypoxic—ischemic encephalo- 
pathy. Abrasions (arrows) on posterior scalp were not from the coat hook but from friction 
from a cervical collar. 


2.1.6. External Examination of Hanging Deaths 


Dependent livor is observed in the lower arms and legs depending on the duration 
of suspension (see Chapter 2, F and ref. 23). 


2.1.6.1. LIGATURE ON NECK 


Ropes, electric cords, and belts are common (23,24,43,50,57,58). The ligature may 
be altered, i.e., unraveled or cut by next of kin and investigators (/6). The ligature can be 
wound multiple times (Fig. 8; refs. 5, 24, and 62). The ligature can be simply looped around 


the neck or there can be an elaborate knot (e.g., multiple loops in a hangman’s noose 
[16,46/). An Australian study showed that when a knot was used, it was fixed in 25% of 
cases and was a slipknot in the rest (/6). A series from Northern Ireland showed that 69.5% 
used a slipknot, 8.6% used a fixed knot, and 10.5% just looped the ligature around the neck 
(50). Knot analysis can assist in determination of manner of death (/). Hair caught in a knot 
is suspicious, although hair can be interposed between the noose and skin (65,67). 
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Fig. 8. Suicide by hanging. (A) Extension cord wound three times around neck. (B) 
Resulting furrows on neck. 
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Fig. 9. Suicide by hanging. The female victim placed a sweater between the ligature and 
her neck. 


The neck can be protected by padding in suicides ( ; see Subheading 2.7.1.3. 
and refs. 23 and 46). Clothing can be seen under the ligature (62). Tissue (epidermis, fat 
from ruptured blisters) can be transferred from the compressed site to the ligature or 
interposed material (/29). Usually a single ligature is used, but the original can break 
on suspension, resulting in a second ligature being employed (/28). 
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Fig. 10. Suicide by hanging (ligature—rope). Wrists bound by duct tape. 


2.1.6.2. LIGATURES ON OTHER Bopy SITES 


Binding of other areas of body is not necessarily indicative of homicide or auto- 
erotic death (see Subheading 2.7.1.3. and refs. 5,7,/30—132). Extremities can be bound 
(Figs. 10 and 11). Wrists can be tied behind the back, and even handcuffs have been 
used (/31,/32). Such bindings are usually loose, have been easily applied or stepped 
through, and can be easily released (6/,/3/—133). 


2.1.6.3. SIGNS OF COMPRESSION ON NECK AND OTHER Bopy SITES 


A neck “furrow,” a result of compression and rubbing, is seen in most cases (23). 
A furrow is typically yellow or brown with a parchment-like appearance and can appear 
soon after suspension (in one case report, 25 min from the time last seen alive; see Fig. 12 
and refs. 28,29,62, and 134). Red or pink neck marks suggest an antemortem hemor- 
rhage, but this may simply be owing to squeezing of blood postmortem (66, /34,/35). 
Abrasions and contusions adjacent to the furrow are suspicious of homicidal ligature 
strangulation (6). Postmortem blisters have been observed on skin squeezed adjacent to 
a furrow (Fig. 13 and ref. 62). 

The furrow is typically at or above the thyroid cartilage prominence (notch, 
Adam’s apple) in contrast to ligature strangulation, in which the furrow is typically on 
or below the thyroid cartilage (refs. 7, 8, 15, 16, and 50 and Fig. 12). Some cases of sui- 
cidal hanging, however, do show the furrow at the level of the thyroid cartilage (/34). 
Furrow location may be dependent on the type of ligature. One study showed that fur- 
rows, in cases of complete suspension with a hard plastic clothesline, were above the 
thyroid cartilage, but deaths involving cotton cloth and incomplete suspension were 
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Fig. 11. Suicidal hanging (ligature—electrical cord). Another electrical cord was used to 
bind the knees (see Chapter 2, ). 


Fig. 12. Suicide by hanging. Typical neck furrow passing over prominence of thyroid 
cartilage (arrow). 
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Fig. 13. Suicide by hanging. Note blisters (arrows) below inferior neck furrow. 


below it (5). In some young children suspended from cribs by clothing, a furrow has 
been observed at the level of cricoid cartilage (29). An abraded area below a furrow may 
indicate upward slippage of the ligature, more likely seen when suspension is complete 
(7,16,24). The furrow is typically angled or canted up to the point of suspension, i.e., 
the knot ( ; ref. 28). The point of suspension is usually at the side of the neck, but 
suspension does occur from the front, which results in a horizontal furrow on the back 
of the neck (Fig. 15; refs. 5 and 24). A ligature may encircle the neck completely and 
then looped anteriorly or posteriorly, resulting in a horizontal furrow (Fig. 16). A hori- 
zontal furrow arouses suspicions of homicidal strangulation (Fig. 17; ref. /36). Decapitated 
individuals who jump from heights can have a horizontal furrow, if a tough nonslip 
ligature was used (/37). This has also been described in victims who become horizon- 


tal relative to the suspension point (e.g., kneeling forward /50,/38/). 
The pattern of the ligature can be reproduced in the furrow ( ) 
(15,29,128). Its width approximates that of the ligature (28). Ligature fibers can be 


transferred to the skin of the furrow and be taped from the surface (62). A ligature 
that is obliquely situated on the neck exerts consistent pressure in the antero- and 
posterolateral areas (139). The furrow and other compression marks may be incom- 
plete, faint, or absent (28). A furrow is absent if a person is promptly “cut down,” has 
material interposed between the ligature and skin, survives for a period of time allow- 
ing healing to occur, uses soft material, or employs a broad ligature (Fig. 19; refs. 
3,5,6, 16,23, and 78). Signs of compression are lacking if death is by vagal stimulation 
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Fig. 14. Suicide by hanging. Suspension point posterior. Furrow angled or canted up 
(arrow) behind the left ear. 


(5,90, 140). Pressure marks, initially present, may disappear in several hours follow- 
ing ligature removal (/34). If there is neck lividity, pallor is localized to areas of 
compression (93). Care must be taken not to mistake neck creases and resuscitation 
efforts for furrows (Fig. 20). 

Signs of compression can be seen on other areas of the body (e.g., axilla from vest 
restraints, bound extremities; see Subheading 2.1.4. and ref. 96). 


2.1.6.4. FACE 


Cyanosis of the face and neck is caused by venous congestion and incomplete carotid 
artery occlusion (e.g., use of a fixed knot, partial suspension; see refs. 5, 7, 23, 50, and 78). 
In contrast, facial pallor is noted when there is total arterial blockage (e.g., full suspension; 
see Fig. 21 and refs. 23, 50, and 78). This is more frequent (50). There can be congestion 
and edema of the conjunctivae (7). Dried blood-stained mucus may come from nostrils, 
corner of mouth, and ears (7,75). The tongue can protrude (Fig. 21; refs. 23 and 128). 


2.1.6.5. PETECHIAE 


Distribution of petechiae is typically on the eyes and on the skin of the face and 
neck above the ligature site (Fig. 22; ref. 29). Eyelid petechiae were seen in 27% and 
conjunctival/scleral petechiae in 33% of hangings in one study (/6). Both sites were 
involved in 18%. Petechiae are an indication that a victim was alive when suspension 
occurred (/29). Their presence varies in partial and full suspension of adults and children 
(5,7,15,24,28,29,61,123,128,141). The evolution of petechiae depends on a number of 
factors, such as the tightness and the duration of initial application of the ligature before 
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Fig. 15. Suicidal hanging. (A) Suspension point (knot) above larynx. Anterior furrow 
angled. (B) Horizontal furrow, posterior neck. 


pressure due to the full body weight is exerted and the absence of a slipknot in cases of 
partial suspension (24). For those completely suspended, angling of the head and neck 
away from the knot may result in only partial reduction of arterial blood flow (24). 
Petechiae have been described in sitting individuals asphyxiated by a vest restraint (96). 


2.1.6.6. OTHER SIGNS OF TRAUMA 


The hands may be near the ligature, but injuries indicating attempted relief of the 
applied pressure are usually not seen, underscoring the rapid loss of consciousness 
(F 3 and 24; ref. 57). Fingernail abrasions on the neck are possible (3). 

Trauma untelated to the fatal event may have preceded the suicide and arouses 
suspicion (/6). There may be coexistent acute, healing, or old nonfatal self-inflicted 
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Fig. 16. Ligature looped around neck, crossed posteriorly and extended across cheeks 
resulting in horizontal neck furrow. (Courtesy of Dr. E. Rowe, St. Thomas-Elgin General 
Hospital, St. Thomas, Ontario, Canada.) 


injuries (e.g., “hesitation” incised wounds; see refs. 16, 50, 6/, 66, and 68). Some injuries 
are more worrisome (e.g., superficial stab wounds; see ref. 128). Self-mutilation (e.g., 
excision of male genitalia) can be observed in psychotics and transsexuals (7). Bruises 
can occur in the axillae and lower legs when a living victim is lifted onto a stretcher 
(78). A gag may have been inserted in the mouth (/32). Postmortem trauma results from 
careless handling of the deceased (e.g., victim cut down striking a hard surface), 
resuscitation, and animal predation (Fig. 25; refs. 66, 68, 78, and 90). 
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Fig. 17. Young girl. Homicidal ligature strangulation masquerading as suicidal hanging. 
Note two furrows on posterior neck (arrow)—faint hanging furrow canted up; arrow- 
head—horizontal furrow from strangulation. (Courtesy of the Office of the Chief Medical 
Examiner, Chapel Hill, NC.) 


Injuries occur during hanging (e.g., thrashing; see refs. 50, 66, and 68). In homi- 
cidal hangings, other trauma (e.g., facial and scalp bruises) is absent if the victim has 
been incapacitated (66,68). Signs of external blunt trauma, strangulation, or sharp force 
injury may be seen in homicides disguised as suicides (6,7,25,68). 


2.1.7. Internal Examination of Hanging Deaths 


Internal injuries are absent in many hangings, even with complete suspension, 
which underscores that phaneme is a “gentle” form of asphyxia, particularly when self- 
inflicted (4,7, 15,16, ,28,50,93, 128). Consciousness is lost rapidly, with little time 
for purposeful aavity (125). Vagal stimulation leading to sudden cardiac arrest could 
also be a factor (90). Internal neck injuries were seen in about 60% of hanging deaths 
in one series (/6). There was a higher frequency of trauma in complete compared with 
incomplete suspensions (62 to 46%). 
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Fig. 18. Suicides by hanging. Examples (A,B) of patterned furrows. 


2.1.7.1. SOFT-TISSUE HEMORRHAGE 


Soft-tissue or muscle hemorrhages are seen in a minority of cases. In various series, 
the range is from about 3% to about one-third (/6,23,24,50,57). Soft-tissue hemorrhages 
in the neck indicate that the individual was alive when the injuries were inflicted 
(17,185,129). Hemorrhage adjacent to fracture sites supports the supposition that they 
occurred antemortem. Hemolysis from decomposition decreases visible hemorrhage 
(142). Alternatively, the postmortem origin of a hemorrhagic focus cannot be entirely 
excluded, especially when there is decomposition (see Chapter 2, Subheading 3.3. and 
ref. ). No correlation between the presence of soft-tissue hemorrhages and hyoid/lar- 
ynx fractures has been noted (24). The amount of hemorrhage is usually insufficient to 
cause death (see Subheading 2.1.7.2.). In certain situations (e.g., following extraction of 
teeth), extensive hemorrhage in the neck musculature has caused asphyxia (/43). 
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Fig. 19. 


Suicides by hanging. (A) Hanging furrow absent. Suspension less than 20 min. 


(B) Furrow fading (arrows). Survival several days. 


217.25 


SITES OF HEMORRHAGE 


Sites of hemorrhage may include the following: 


Sternocleidomastoid muscles underlying compression site (Fig. 26; ref. 28). 

Strap muscles (15). 

o Extensive hemorrhage combined with glottic edema and bleeding can interfere with 
breathing (/44). 

Thyrohyoid membrane. 

Connective and muscle tissue adjacent to thyroid cartilage (Fig. 26; ref. /5). 

Soft tissue adjacent to intact hyoid bone and thyroid cartilage (superior horns /28/). 

Soft tissue adjacent to fracture sites (hemorrhage is absent if site artifactually fractured 

after death or neck compression totally compromised circulation; see Fig. 26 and ref. 145). 

Periosteum, with or without muscle involvement, at inferior insertion of sternocleido- 

mastoid muscle as a result of neck hyperextension (tendency for hemorrhage to be seen 

on side of highest ligature mark /107,129,146]). 
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Fig. 20. Hanging. (A) Pale furrow (arrow) created by pressure of ligature in area of lividity. 
Three pale neck creases inferiorly. (B) Pale “furrow” in area of lividity created by soft tie 
fastened to an endotracheal tube. More inferior linear horizontal pale area is a neck crease. 


Fig. 21. Hanging. Facial pallor; protruding tongue darkened by drying. 
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Fig. 22. Hanging. (A) Cutaneous petechiae above furrow. (B) Conjunctival and periorbital 
petechiae. 


oe Hemorrhage may not be seen grossly but can be observed with microscopic sections 
(see Subheading 2.4 and ref. ): 
¢ Hemorrhage in the posterior cricoarytenoid muscles is a nonspecific finding from 
various causes ( ). 


2.1.7.3. PETECHIAE 


Petechiae have been described on the buccal mucosa, base of tongue, and epiglot- 
tis (15,28). One series noted that epicardial petechiae were seen in 19% of hangings 
and visceral pleural petechiae in 6% (/6). Both sites were involved in 4%. Internal 
petechiae were observed in 10% of cases when hanging was complete, 19% when 
incomplete. 


2.1.7.4. FRACTURES 

The incidence of anterior neck fractures in hangings increases with age although 
they do occur at a young age and are absent in older individuals (e.g., 14-yr-old boy with 
fracture of superior horn of larynx; no fractures in 78-yr-old despite considerable ossi- 


fication of thyroid cartilage /24,134, 145, , /). The frequency of fractures depends 
on the diligence and dissection method used (57,/34,145,149, 56). Radiological 
assessment increases the yield (145,153,157). Stereomicroscopic examination has docu- 


mented hyoid and larynx injuries in almost three-fourths of suicidal hangings, a higher 
yield than those obtained by using the conventional methods of palpation, radiograph 
imaging, and dissection (/56). 
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Fig. 24. Hanging. (A) Swollen and blistered fingertips because of hand placement under 
constricting ligature. (B) Fingertip impression (arrow) in area of livor mortis and adjacent 
to furrow (arrowhead). 


The most common fracture in suicidal hanging involves the superior horn of the 
larynx (see > F ; and ref. /6). Fractures of the laryngeal lamina are uncom- 
mon and are associated with either complete suspension or a long drop (/6). Generally, 
a higher incidence of fractures of the hyoid/larynx is noted in manual and ligature 


2 The Forensic Pathology of Trauma 


Fig. 25. Deceased hanging victim cut down at scene; head struck concrete floor. (A) 
Scalp laceration, left occiput exposed by shaving hair. (B) Left occipital bruise (arrow- 
head) on undersurface of scalp. Removal of dura from base of skull revealed linear 
fracture (arrow). 


strangulation (/09). In a review by Betz and Eisenmenger of 109 accidental and suici- 
dal hangings, 37% had two superior horns fractured; 15% had both superior horns and 
a hyoid cornu (greater horn) broken; 10% had both superior horns and hyoid cornu frac- 
tured (including a 28-yr-old //55/). In another series, hyoid fractures were typically 
associated with thyroid cartilage fractures (/6). The pattern of external neck injuries, 
damage to the hyoid—larynx complex, and associated hemorrhages raises the possibility 
of homicidal neck compression (68,/55,/58). Ubelaker’s review of the literature deter- 
mined the following fracture frequencies in homicidal ligature and manual strangulation: 
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Fig. 26. Soft-tissue hemorrhages in suicidal hanging. (A) Hemorrhage in left sternocleido- 
mastoid muscle. (Courtesy of the Office of the Chief Medical Examiner, Chapel Hill, NC.) 
(B) Larynx, anterior view. Hemorrhage in muscle adjacent to right thyroid cartilage. 
(C) Fractured left superior horn of larynx (arrowhead). Foci of hemorrhage (arrows). 


thyroid cartilage, 32% (ligature) and 34% (manual); hyoid, 11% (ligature) and 34% 
(manual); and cricoid, 9% (ligature) and 1% (manual //49/). 

The hyoid bone, a mobile structure, is protected anteriorly by the mandible and 
soft tissue, and posteriorly by the cervical spine ( ). Hyoid fracture is uncommon 
clinically (144,/59). A number of factors determine whether a hyoid bone fractures in 
strangulation and hanging deaths. The shape, i.e., the curvature, of the greater horns 
means that fractures usually occur in the posterior and middle parts (160). Most hyoid 
bones are symmetrical (/36). Although different dimensions and shapes—i.e., hyper- 
bolic (breadth = length) and parabolic (breadth > length) — have been related to fracture 
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Table 1 
Fractures: Hanging Suicides 


Ubelaker Paparo Simonsen Luke DiMaio Feigin Samara- James 


(149) (134) (150) ——((24)_—(151) (152) sekera (16) (57) 


Number of cases Literature 167 80 61 83 307 233 84 
review 
Thyroid cartilage 15% 11% 28% 13% 11% 5% 30% 25% 
Hyoid bone 8% 6% 9% 23% - 3% 71% 17% 
Combined thyroid — 3% 9% — 1% 8% 5% 
cartilage-hyoid 
Cricoid 0.0003% 0.6% _ 1 case — 
Cervical spine Rare — _ — 1% 1% 1 case _ 


Fig. 27. Radiograph of hyoid bone. Body of hyoid (B). Greater horns or cornua (C). 
Synchondroses (“joints”) not fused (arrows). 


patterns, hyoid width/length ratios are distributed across the population and do not fall 


into discrete categories (/36,/6/). The degree of ossification or fusion of cornual syn- 
chondroses or “joints” predisposes to fracture ( ; ref. ). Fusion and fracture 
incidence increases with age (/45,/53,161). Children have flexible hyoids and fractures 


of the hyoid—larynx structures are rare (/S). Fusion begins in individuals 21 to 30 yr old 
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Fig. 28. Suicidal hanging; prolonged suspension. Radiograph of hyoid bone. Bilateral frac- 
tures of greater horns. Note bilateral fusion of body and greater horns (arrows). 


(136). Miller et al. observed an overall incidence of 16.7% bilateral fusion in this age 
group (/36). Bilateral fusion plateaus in the sixth decade, such that 60% of female and 
70% of male synchrondroses are ossified (/62). Another study showed there were no 
sex differences in the rate of fusion (/36). Notably, a significant percentage of the elderly 
still have flexible greater cornua; therefore, neck compression cannot be excluded in an 
older individual who has an unfractured hyoid bone (/62). The relatively increased 
mobility of a nonfused or incompletely fused hyoid synchondrosis must not be mistaken 
for fracture (/49). A radiograph of a dissected hyoid bone can be used to assess the 
degree of fusion. One study showed that, of 34 hyoid bones of people aged 21 to 30 yr, 
12.5% had unilateral fusion (/36). About 30% of individuals greater than 70 yr of age 
showed unilateral fusion or nonfusion (/36). 

Other factors playing a role in hyoid fracture are the nature, magnitude, and dis- 
tribution of force applied to the neck and the time interval between the infliction of neck 
pressure and death (/6/,/63). Knot placement on the side of the neck was thought to 
increase the likelihood of fracture (S). A greater tendency for fracture was observed 
when the highest point of the ligature knot was behind the ear (/55). Others have found 
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Fig. 29. Suicidal hanging. Fracture of left greater horn of hyoid. Ligature knot on right side 
of neck. 


that hyoid bone injuries are not reliable in determining knot location (Fig. 29; ref. /54). 
Hyoid fractures can occur when suspension is not complete (e.g., a fractured hyoid in 
an elderly person seated and wearing a vest restraint /49,96,/52/]). One study showed a 
higher frequency of fracture in complete suspension compared with incomplete suspen- 
sion (22 vs 10% [16/). 

Hyoid fracture is caused by blunt trauma (e.g., motor vehicle collision) and is 
usually associated with other fractures (e.g., mandible, thyroid/cricoid cartilage; see 
] and refs. , 149, ,164, and 165). Isolated hyoid fractures are possible 
when there is hyperextension of the neck (/59). Chronic alcoholics are predisposed to 
hyoid fracture (/49). Fractures of the hyoid and larynx are found in natural deaths, 
presumably from intense muscle contractions during the agonal stages of a cardiac 
arrest or following violent coughing (/53,/65). A hyoid fracture can be associated 
with pharyngeal lacerations (/59). Even without mucosal injury, laryngeal edema can 
cause airway compromise (/59). 

Palpation of the hyoid bone in situ may reveal a variably calcified stylohyoid liga- 
ment attached to the lesser cornu, which occurs even in children (/65). Fractures at this 
site are rare, and an incompletely ossified ligament should not be confused with a 
fracture (165). 
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Fig. 30. Pedestrian run-over. (A) Abrasion (arrow) on left neck. (B) Fracture of left greater 
cornu of hyoid (arrow) with associated hemorrhage. 
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Fig. 31. Anatomic variations of superior horn of larynx. (A) The right superior horn is not 
attached to the superior (S) edge of the thyroid cartilage lamina. A fibrous membrane (M) extends 
from it to a “floating” superior horn (superior and inferior limits indicated by arrows). (B) Right 
superior horn of thyroid cartilage composed of three mobile segments (highlighted with ink). 


Any examination of the superior horns of the larynx must consider anatomic vari- 

ations that should not be confused with fractures (Fig. 31; refs. : ,157,165, and 

). A common anatomic variant is a mobile, variably calcified cartilaginous nodule 
(triticeous cartilage) in the thyrohyoid ligament above the superior horn (/65). 
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Fig. 32. Skeletal remains. Irregular ossification of thyroid cartilage lamina. Note prominent 
superior horns that have completely ossified. 


Fracture incidence rises with age as calcification progresses, but this is variable 
because ossification does not proceed in a constant manner (Fig. 32; refs. 16, 50, 57, 142, 
145, 153, and 157). Calcification can be absent in older individuals (64,757). Superior 
horn fractures are seen with partial suspension (in one study, 50% of complete suspen- 
sion and 31% of incomplete suspension cases //6,49,/52/). Laryngeal fractures do 
occur opposite knot placement (/6,/54). Narrow furrows had a higher incidence (62%) 
of laryngeal fracture than broad marks (15%) in one study (/6). 

Superior horn fractures are not unique to fatal neck compression. Direct blunt 
trauma (e.g., motor vehicle impact, falls from heights), resuscitation, and poor autopsy 
technique can lead to this injury (5/,/42,/67). Fractures of the lamina do occur with 
blunt trauma (64,/68). Healed injuries may be identified in the hyoid bone and larynx 
(Fig. 33). One study, using skeletonized autopsy specimens, showed previous trauma in 
17.3% and involvement of two elements in 3.2% of cases (/68). Old fractures were 
identified in the thyroid cartilage (11.4%), cricoid (7.3%), hyoid (1.6%), and trachea 
(0.2%). 

Fractures of the thyroid cartilage lamina can result from long-drop hangings (109). 
Such a fracture in the setting of a “usual” hanging raises suspicions of a homicidal direct 
neck blow followed by a staged suicide (64). Cricoid fractures from suicidal hanging 
are rare (Table 1; Fig. 34; ref. /6). 
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Fig. 33. Healed fracture of right greater horn of hyoid. Previous hanging attempt. 


Cervical spine fractures are usually associated with “long drops” and hangings in 
older individuals with osteoporosis; however, one case report described a C-spine fracture 
(C1-C2) in a 12-yr-old boy who did not drop a long distance (Fig. 35; refs. 7, 16, 50, : 
and ). A 23-yr-old man was suspended 4.6 m (15 ft), and on his waist there was an 
11-kg (25-lb) chain (46). He sustained a C3 vertebral fracture. A 10-yr-old boy was jump- 
ing on a bed when he became suspended from a bedpost by a lanyard holding a house key 
(126). He had a C1/C2 dislocation. Extensive associated neck trauma can be observed 
when the cervical spine is fractured (7). In judicial hangings, the drop length (in the range 
of 8 ft or 2.44 m) was calculated based on the subject’s weight with the objectives being 
neck dislocation and a humane instantaneous loss of consciousness (1/69). Although a 
classical “hangman’s fracture” —i.e., fracture—dislocation of C2 through its pedicles— has 
been described, studies have shown variable damage (i.e., absence of complete fracture, 
fractures from C1 to C5 including involvement of other bony elements; see and ref. 

). Basal skull fractures have been observed (/69). Rarely, the classical fracture is seen 
in a seatbelt user involved in a motor vehicle collision (7/,/70). 
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Fig. 34. Right cricoid fracture seen in hanging death (circled area adjacent to probe indi- 
cates depressed fracture site). 


Decapitations are described in large individuals, with application of outside force 
(e.g., motor vehicle) and in long drops (129,137, PALI 2); 

Rare cases of frontocranial suspension, i.e., the suspension point from the center 
of forehead and the noose around the back of the neck, have been described (/73). 

In contrast to disruptive injuries of the larynx—trachea and cervical spine, fractures 
of the hyoid and superior horns of the larynx are not usually a direct cause of death 
(174). They do indicate that significant forces have been applied to the neck, and 
asphyxial mechanisms are implicated in the death (/74). 
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Fig. 35. Obese man (>100 kg) with psychiatric history. Hanging in stairwell about 20 min. 
Exposure of anterior cervical spine. Cervical spine (C6—C7 fracture; arrow). Tracking of 
hemorrhage in soft tissue below fracture site. 


2.1.7.5. OTHER TRAUMA AND FINDINGS 


Tongue injuries are seen in neck compression (/75). In hangings, tongue protrusion 
between clenched teeth is a common finding ( ). Injuries include bite marks with or 
without underlying small hemorrhages (“marginal” hemorrhages) and varying degrees of 
“internal” muscle hemorrhage. In one study of 178 homicidal strangulations, 28% of manual 
strangulations and 16% of ligature strangulations had bite marks (/75). In contrast, of the 
20 suicidal strangulations and 255 hangings, 0 and 1%, respectively, had bite marks (/75). 
The frequency of deeper tongue hemorrhages was 53, 42, 50, and 4% of homicidal manual, 
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Fig. 36. Classical “hangman’s fracture.” (A) Fracture through pedicle of C2 (axis) by hyper- 
extension. Dislocation of C1 (atlas) and vertebral body of C2 (lined) leading to spinal cord 
trauma and death. (Reprinted, with permission, from ref. 7170 and the Journal of Forensic 
Sciences, Vol. 34, No. 2, copyright ASTM International, West Conshohocken, PA). (B) 
Radiograph of a “hangman’s fracture” (fracture of pedicle of C2—arrow). 


homicidal ligature, and suicidal ligature strangulations, and hangings, respectively (/75). 
Hemorrhage was found by either transverse or sagittal incisions of the tongue. “Central” 
hemorrhages are indicative of severe congestion and are more likely in strangulation deaths 
(175,176). In one series of hangings, 2% had bleeding restricted to the tip of the tongue 
(175). Some of the hanging cases that showed tongue bleeding in this series were atypical, 
ie., the deceased were either sitting or kneeling. Most of the hangings studied had evidence 
of cranial congestion, i.e., facial petechiae. Another mechanism leading to tongue hemor- 
rhage is direct pressure of the hyoid on the base of the tongue (/75). 

Tears in the upper respiratory tract can be observed leading to secondary subcuta- 
neous and mediastinal emphysema (Fig. 37; ref. 174). 

Carotid intimal tears have been associated with obese victims, long drops, and 
posteriorly placed knots (7,/29,/54). Intimal tears of one or more carotid arteries were 
more common with complete suspension (12%) than incomplete suspension (2%) in 
one series (/6). Carotid injury is also seen in homicidal strangulation (/09). 

A study of 36 suicidal hangings showed vertebral artery injuries (rupture, intimal 
tear, subintimal hemorrhage) in one-fourth of cases (177). Subintimal hemorrhage was 
most frequent. Longitudinal traction was considered the mechanism, but complete sus- 
pension was not a prerequisite. There was an association with cervical spine injury. 

Craniocerebral trauma raises the possibility of homicidal hanging; however, 
injuries arise from careless handling of the body (see Subheading 2.1.6.6., Fig. 25, and 
refs. 68 and 78). 

Any genital injuries may mean a sexual assault homicide (7,28). 
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Fig. 37. Delayed death from hanging. Probe indicates transmural laceration in epiglottic 
area. (Courtesy of Dr. B. Wehrli, London Health Sciences Centre, London, Ontario, Canada.) 


2.2. Ligature Strangulation 


Suicide by ligature strangulation is suspicious for homicide (26). Investigation of 
the scene usually shows no signs of struggle (26). A suicide note may be found. A past 
psychiatric history including suicide attempts and ideation may be elicited. 

External and internal findings assist in distinguishing suicide from a homicide 
( = 8). 

Unusual ligatures have been used (e.g., elastic band, nylon stocking, torn clothing 
[26,179,154]). The deceased’s hands can be close to or involved with tightening the 
ligature (Fig. 38; ref. 26). 

Accidental ligature strangulation occurs in a variety of circumstances (/85). The 
“long-scarf’ syndrome refers to an incident in which an article of clothing around the 
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Fig. 38. (A) Suicidal ligature strangulation. (B) Positioning of fingers on shoelace cord 
progressively tightened it around the neck. (C) Horizontal neck furrow. Note intense 
cyanosis and cutaneous petechiae above constriction. Ocular petechiae were also pres- 
ent. (D) Dissection of tongue and larynx. Posterior view. Note intense congestion and 
hemorrhage (petechiae, confluent hemorrhages) above level of constriction (indicated by 
arrows). 


victim’s neck becomes entangled, usually in a stationary or moving mechanical device 
(e.g., Ski rope tow, snowmobile engine), and the clothing becomes increasingly con- 
stricted owing to the continued action of the machine ( ; refs. 48, ), and 

/). Blunt trauma can also be evident (/90). Ligature strangulation deaths are 
seen in autoerotic asphyxia (see Subheading 2.7.1.). 


2.3. Manual Strangulation 


Fatal application of pressure to the neck by use of one or both hands is a homicide. 
Pressure can also be applied by other parts of the extremities (e.g., choke hold 
[90,191 ]). Self-application of manual pressure for the purpose of committing suicide or 
by accident results in release of the grip once consciousness is lost (3). Cephalic 
petechiae are observed. External injuries of the neck can be obvious (contusions, abra- 
sions including fingernail scratches) or subtle (Fig ; ref. ). Their presence 
depends on a number of factors: the magnitude of the compression force; continuous 
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concentration of force on a small area; the length, shape, and sharpness of the nails; skin 
elasticity; and the presence of neck-shielding material (e.g., collar /19,/93,194/). 
Fingernail marks may be caused by the victim trying to relieve the pressure (see 
Subheadings 2.1.6.6. and 2.6.1.). 

Manual pressure can be applied to the neck during extrication, resulting in trauma (/38). 


2.4. Microscopic Examination in Cases of Neck Compression 


Microscopy of the furrow reveals abraded or compressed epidermis and dermis 
(62). Vesicles or blisters filled with serous fluid and fat occur (Fig. 13). 

Inflammation associated with hemorrhage is a vital reaction (/42). The pres- 
ence of inflammation is consistent with a period of survival after neck compression 
with or without resuscitative efforts. An inflammatory reaction has been seen in 
tongue hemorrhages in cases of strangulation in which the assailant confessed that 
the victim survived about half an hour (/75). The earliest detection of granulocytes 
has been stated to be 15 min in open and closed skin trauma, and their presence 
assumes there was no preceding episode of neck trauma (195). Studies of cutaneous 
or other bodily wounds may not necessarily be applicable to neck compression cases 
because of variations in perfusion of different tissues (/95). Fibrin deposition is an 
antemortem event, occurring 10 to 30 min after injury (/42). Other “vital” reactions, 
occurring within minutes of compressive and other types of injury, include muscle 
alterations, such as contraction bands and hyaline change (Zenker’s wavy degenera- 
tion //42,196/). 

Immunohistochemistry has been applied to the study of tissue injuries in strangu- 
lation and blunt neck trauma cases (/95,197—202). 

Longitudinal sections of the superior horns of the larynx, in cases of neck com- 
pression, have shown hemorrhage, retraction, and invagination of ruptured and nonrup- 
tured perichondrium (/42). Even without obvious laryngeal damage, laryngeal 
hemorrhages are observed in cases of manual strangulation and blunt trauma (203,204). 
Parasaggital sections of formalin-fixed larynges in manual strangulation cases show 
laryngeal hemorrhages within cartilage, muscle, and epithelium, findings that could be 
applicable to other types of neck compression (/58,/92,205). 

Typically 5 to 8 min of suspension leads to death, but successful resuscitation is 
possible even after 30 min of suspension (206). Delayed deaths show hypoxic—ischemic 
encephalopathy and cerebral edema (3,/6,90,/25,174,207). Rare cases of delayed 
encephalopathy are described related to necrotic lesions in the basal ganglia (/25). 
Aspiration and pneumonia are delayed complications (3). 


2.5. Toxicology in Ligature Neck Compression Deaths 


Toxicological analysis is not done in all hanging deaths (/07). Ethanol has 
been present in up to one-fourth to one-half of suicides by hanging (24,43,50, 
58,59). High levels of ethanol need to be interpreted in the context of whether the 
deceased was able to perform the necessary steps to commit suicide by hanging 
(43). The presence of an excess amount of pills in the upper gastrointestinal tract 
signals an intent to commit suicide (/53). Elevated or toxic levels of medications in 
the blood support self-intent, assuming that medication was not given to incapaci- 
tate a murder victim (50). 
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Table 2 


Ligature Strangulation: Homicide vs Suicide 


Homicide 


Suicide 


Nature of victim 


External findings 

Ligature 
e Absent or inapparent 
¢ More than one ligature 
¢ Wound multiple times 


e Single or multiple knots 


¢ Knot position 
Furrow 


Face 
Petechiae 
¢ Ocular 
e Facial 
e Neck 


Facial cyanosis and 
congestion 


Children, women, elderly 
consistent with size disparity 
between victim and assailant 
(18,65). 


Yes. Victim’s hair 
Yes in one case (/40). 
Yes 


Yes 


Posterior > lateral > anterior 
Yes — 80% 


Yes 

Yes 

Yes 

Petechiae can be absent in 
homicides (/5/). 


Yes 

Some cases if ligature not 
removed shortly after 
application. 


Adults, not children 


No. Present around neck. 

Yes (26). 

Yes. More likely in suicide 
(26,179-181). 

Yes. Knots not required as 
victim’s hands or legs can 
hold unknotted ligatures in 
place; stick can be used as a 
“windlass” device; leaning 
forward can increase neck 
pressure 
(1,18,109, 180-184). 

Anterior > posterior (26). 

Yes, 10% (45,179). 

Furrow uncommon. Instead, 
linear pale area on neck 
from absent lividity owing 
to compression. Other case 
reports have documented a 
groove with reproduction of 
the pattern of the ligature 
(26). 


Yes 

Yes 

Yes 

Ocular and facial petechiae 
numerous in suicides but 
can be few or absent. 
Absence explained by 
complete carotid artery 
compression (26,178,179). 

Yes (26,179,180). 

One-half cases 


Absent if complete arterial 
compression by strong 
ligature (180). 
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Homicide 


Suicide 


Other external injuries 
Self-inflicted 
Signs of struggle 


Internal Findings 

Anterior neck muscle 
hemorrhage and 
laryngohyoid fractures 


Tongue 

Tongue injuries from upward 
displacement of 
larynx/hyoid into base of 
tongue; mucosal injuries 
can also arise from facial 
blow 
¢ Hemorrhages 
e Bite marks 

Laryngeal mucosal 
hemorrhage 

Vocal cord hemorrhage 

Intrinsic laryngeal muscle 
hemorrhage 

Carotid intimal tears 


Yes — 80% 


Facial trauma— smothering (65). 
Blunt trauma on chest 
(assailant kneeling on victim 
[65]). “Defensive” injuries. 
Genital injuries (female /65/). 


Yes—more than 80% 

The degree and extent of 
hemorrhage and fractures 
greater in homicides (178). 
Fractures can be multiple and 
observed in one-third to 
two-thirds of cases. In one 
study, presence of neck 
trauma occurred irrespective 
of whether hard, narrow vs 
soft, broad ligature used. 


Yes 
Yes 


Yes 
Yes 


Yes 
Yes (109). 


Yes — 20% 
e.g., Wrist incisions 


Yes—less than 50% 

Sternomastoid muscle most 
affected muscle. 
Laryngohyoid fractures are 
rare. If noted, limited to 
single fracture of superior 
horn of thyroid cartilage. 
Multiple fractures are 
not seen. 


Yes—can be extensive (175). 
No (175). 


Possible 


Adapted from ref. 178. 


2.6. Artifactual Injuries of Face and Neck From Resuscitation 


External and internal trauma sustained during resuscitation can mimic findings 
associated with neck compression and other more subtle types of asphyxia (e.g., smoth- 
ering). Leaving resuscitative devices in place and having access to any discarded items 
is essential in determining their role in injury causation (/43). Rescuers need to be ques- 
tioned whether any injuries were apparent to them prior to resuscitation or could have 
been inflicted by them (/43). 
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Fig. 39. Unusual case of accidental ligature strangulation. (A) Child’s dog. (B) Dog bit 
into girl’s long scarf and dragged her. Fragments of scarf were strewn around the yard 
(arrows). (C) Threads from scarf on posterior neck. Note furrow and embedded thread 
(arrows). 


Fig. 40. Manual strangulation. Fingernail abrasions (arrows). 
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2.6.1. External Findings (Resuscitation) 


In a series of intubated individuals, 16 yr and older, the following was observed 
within 24 h (208,209): 
¢ Cutaneous abrasions of neck. 
e Facial and conjunctival petechiae as consequence of chest compression. 
¢ Oral trauma—abrasions of lips and buccal mucosa; contusions; lacerations (including 
frenulum). 


Another study of deceased individuals who had cardiopulmonary resuscitation 
immediately prior to death showed that about 4% of the cases (21 of 1677 nonselected 
medicolegal autopsies) had evidence of external or internal injuries of the face and neck 
(210). The external injuries consisted of contusions and abrasions. They were situated 
on the tip of the nose and nostrils (mouth-to-mouth ventilation), cheeks (compression 
with fingertips to remove vomit from victim’s mouth), mandibular margins (jaw-thrust), 
and carotid area (palpation of carotid pulse). In contrast, in manual strangulation cases 
abrasions were distributed over the whole anterior neck area, particularly the larynx, 
and were also seen in the lower part of the face and back of neck. Strangulation abra- 
sions tended to be oriented randomly rather than parallel to each other. In this study, 
there were no petechiae on the face and conjunctiva. 

In a pediatric series (<1 yr old), various trauma was seen using either an air-bag- 
valve mask, mouth-to-mouth resuscitation, or intubation (/43). Associated with the 
mask, abrasions were symmetrically distributed over the nasal bridge, undersurface of 
nose, lips, cheeks, and anterior chin. Positioning the patient’s head and neck to main- 
tain airway patency was associated with fingernail abrasions on various parts of head 
and face. Mouth-to-mouth resuscitation was usually employed by the first responder. 
Tightly grouped fingernail abrasions in a tight perinasal distribution were seen (Fig. 41). 
Scrapes were more loosely distributed on the cheeks, forehead, and chin. Intubation 
caused lip injury (e.g., contusion—laceration), but it was less common in children 
because of the lack of teeth (Fig. 41). Attempts to intubate a mouth clenched in rigor 
increases the probability of injury (Fig. 42). 


2.6.2. Internal Findings (Intubation) 


In the series of intubated individuals, the following injuries were observed: 
(208,211,212): 


Chipped or loosened teeth. 

Contusions or lacerations of base of tongue, epiglottis, piriform recess. 

Petechiae of epiglottic mucosa. 

Laryngeal mucosal edema, contusions, petechiae (glottic and subglottic /90,213,214]). 
Laceration of epiglottis; other lacerations (glottic, hypopharynx /2/4—217/). 

Glottic stenosis as a long-term complication owing to ischemic ulceration from pres- 
sure; tracheostomy also leads to subglottic stenosis (2/3). 

Tracheobronchial lacerations or rupture (275-220). 

Esophageal rupture. 

Superficial and deep neck muscle hemorrhages (2/0) 

Hyoid and thyroid cartilage fractures rare (90,208,221). 

Cricoid hemorrhage (2//). 
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Fig. 41. Attempted resuscitation of a child. (A) Nasogastric tube in left nostril. Note small 
abrasions, left nostril (largest indicated by arrow). (B) Endotracheal tube (long arrow). 
Exposed end cut to allow lips to be examined. Lip contusions (arrows). Abrasion near left 
corner of mouth (arrowhead). 


Studies of short-term intubation have shown about a 6% incidence of laryngeal 
injury. A large majority of these injuries consists of submucosal hematomas. Mucosal 
laceration is infrequent. The development of these lesions appears related to the degree 
of patient relaxation, the presence of anatomical difficulties, and the experience of the 


medical personnel in performing the intubation (2/4,222). 

Misplacement of endotracheal tubes (right mainstem bronchus, piriform sinus, 
esophagus, brain through a basal skull fracture) has been described (2//,2/2,223). 
2.7. Autoerotic Deaths 

Paraphilia refers to a nonpsychotic mental disorder in which an unusual act or 
imagery is necessary for sexual gratification (224,225). An autoerotic fatality occurs 


when the act created by the deceased for the purpose of sexual gratification directly 
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Fig. 42. Apparent sudden infant death syndrome. Jaws in rigor. Attempts to intubate led to 
lip lacerations (arrows). 


causes death (225,226). Hazelwood et al. suggested five criteria for determining death 
during autoerotic practice: a physiological mechanism for obtaining or enhancing sex- 
ual arousal that is dependent on either a self-rescue mechanism or the victim’s judgment 
to discontinue its effect; solo sexual activity; sexual fantasy aids; prior dangerous auto- 
erotic practice; and no apparent suicidal intent (227). 


2.7.1, Autoerotic Asphyxia (Sexual Asphyxia, Hypoxyphilia, Asphyxiophilia) 
Autoerotic asphyxia is a paraphilia in which sexual arousal and orgasm depend on 

self-induced asphyxia up to, but not including, a loss of consciousness (/4/,228,229). 
Hanging is the most common mechanism used (225, ). Neck compression 
leads to decreased cerebral blood flow. Consequently, cognitive inhibition is decreased, 
and the subjective sensations of lightheadedness and exhilaration associated with 
hypoxia and hypercapnia enhance the pleasurable effects of masturbation (229, 
; 38). When the victim fails to extricate himself, then the full weight of 


his body tightens the ligature (234,237,253 ). As in the usual hanging, a rapid loss 
of consciousness leads to death (6,/4/,229). Vagal stimulation can also progress to sud- 
den cardiac arrest (227,23 1,233,236,237). 


Other means of autoerotic asphyxial deaths have been described: 

¢ Suffocation by plastic bags/wrap/raincoat/pillow/sack (224,226 ,237,242-247). 
¢ Head wrapped in duct tape and use of airway tube (240). 

¢ Gag (sock) or objects (rubber balls, zucchini) in mouth (/4/,243,24 Ve 
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Fig. 43. Autoerotic asphyxia. Ligature strangulation. Note padding on ankles. Pornographic 
literature was positioned on bathroom floor. 


Ligature strangulation (one case report describes woman’s hair entangled in a slipknot, 


preventing release; see Fig and refs. , : : , and ). 
e Ligature around thorax and abdomen (see Subheadiae 3; 7, aiid refs. ; , and ) 
¢ Wrapped in plastic (a tube may be used for breathing; see and ref. ). 
e Wet suit (229,257). 


Suspension by power hydraulics (258). 

Inverted suspension (258). 

Wedged in garbage can (chest compression /228/). 

Motor vehicle (chest compression /259/). 

Partial or total submersion (229,260). 

Inhalation of aerosol propellants, chemicals, and gases for euphoric effects used in 
combination with either a mask, a plastic bag, an item of clothing (e.g., sock), or a 
soaked rag (224, ‘ 234, ; Z ; ): 


2.7.1.1. EPIDEMIOLOGY 


An estimated 250 to 1000 autoerotic deaths per year occur in the United States 
(i.e., 1-2/10%/yr; in Scandinavia, 0.5/10°/yr [228,229,232,238,262]). The most common 
age group is 12 to 25 yr ( 232,233,238). Males predominate and female deaths 
are rare (estimated male-to-female ratio > 25 to 50:1 / ; ; 
243,252, ). Typically, there is a solitary victim (229,233,26. ). The aor 
ity are single ( 0,234,238). Most are heterosexual, and the majority are reported 
as well-adjusted ( : ,238,239,262). 
2.7.1.2. SCENE FINDINGS AND CIRCUMSTANCES ASSOCIATED WITH AUTOEROTIC ACTIVITY 


Initial investigation of an autoerotic hanging suggests suicide (224, ; : 
38,253). An apparent suicide note can be staged (253). Alternatively, the unusual 
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Fig. 44. Autoerotic asphyxia. Wrapped in garbage bags. Right hand exposed (arrow). 


nature of the scene may suggest a sadistic/ritualistic homicide. Suspicion of homicide 
also applies if the victim is female, and the scene findings are subtle (239,241,252). 
Further investigation of the scene, the circumstances of the death and background of 
the deceased, and the external examination of the victim assist in the determination 
that a rare type of accident has occurred (/41, : é 20, ‘ ). A psy- 
chological autopsy may be necessary (see Chapter 1, Heading 3. and refs. : ; 

f ; , and ). Autoerotic or masochistic suicides are uncommon (225, ‘ 

249,253,267). A homicide can be disguised as an autoerotic death (133,229,262). 
Some fantasy hangings are not done for a sexual purpose (e.g., pretending to be a cow- 
boy /46/). Next of kin can alter the scene to remove evidence of autoerotic activity 
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because of the stigma associated with such deaths (228,229,231,232,239,268—270). 
The scene can also be disrupted by resuscitation attempts. 

The location is secure or secluded (e.g., locked room in home, basement or attic, 
workshop, workplace after hours, motor vehicle, jail cell, motel/hotel rooms, other res- 
idences, remote outdoor locations /[141,224,227-229,231,232,234,238—240,243,263, 
271-273]). There are no signs of a struggle or forced entry to suggest homicide. Windows 
may be covered (227,274). 

The victim is in a position that allows self-extrication (229). Commonly, the vic- 
tim’s body is partly supported with the feet touching the ground. Sitting, kneeling, and 
lying down have been described (225—227,229,231,238,275). In a Danish study, about 
two-thirds of victims were incompletely suspended, 28% completely suspended, 4% 
inverted, and 4% had used ligature strangulation (228). 

Pornographic material, which can be homosexual or sadomasochistic in nature, 
may be present and mirror(s) can be positioned to allow viewing of the act (/41/, 
225,227,228,23 1-235,238,239,243,261,263,268,273). One report describes photo- 
graphs of a woman glued to the victim’s body (48). Mirrors are also used in suicide 
(227,236,239,263). Sexual items are less likely to be present if the victim is female 
(239,241,252,263). Items that assist in sexual activity can be found on, in, or near the 
body (273). Some are overtly sexual (e.g., condom, vibrator, fetish and bondage 
objects /227—232,238,241,243,263]). Others may not appear overtly sexual (e.g., 
wooden table leg, hairbrush, urinary catheter, vacuum cleaner /225,268,276, 
277]). More elaborate arrangements have been observed when older men are involved, 
and the proportion exhibiting bondage, transvestism, or both increases (230,263). 

Participants learn of autoerotic behavior by word of mouth, contact with indivi- 
duals of similar sexual inclinations, sex manuals, medical books, pornographic litera- 
ture, and detective magazines, information from the news media, movies showing 
hanging, consensual observation of others, and their own initiative (228,229,232,233, 
235,239,254,261,266,275,278—250). Literature showing autoerotic methods or video- 
tapes showing personal autoerotic episodes may be present (243). Siblings in the same 
family have been described (281). 

Information about autoerotic activity can be elicited from a spouse or girlfriend, rel- 
atives, neighbors, physicians, prostitutes, and others (46,224,225,227,23 1,233,235, 
238,241 ,243,253,273,276). There may be a history of other paraphilias (240). Interviews 
(e.g., no history of depression) and scene investigation (e.g., no suicide note) indicate that 
the victim did not want to die (225,226,229,233,241,262). Scene findings can support past 
autoerotic activities (e.g., suspension point abrasions on a joist from previous hangings; 
see (Fig. 45 and refs. 46, 227-229, 232-235, 239, 255, 260, 262, 266, and 274). The com- 
plexity of the methods and paraphernalia used suggest prior experience (227,229). 


2.7.1.3. EXTERNAL EXAMINATION 


Hanging is the most common method (Fig. 46). Soft material may be interposed 
between the ligature and skin, but protective padding is not always present (Fig. 46; refs. 
141,228,229,23 1-233,235,238,239,241,252,258,262—264,275, and 282). A neck furrow 
or mark is still possible with padding (/4/). 

Self-rescue mechanisms are used by the victim (e.g., a knife to cut a ligature 
[227,229,231,232,238,243,260]). Simply standing relieves neck pressure while hanging 
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Fig. 45. Autoerotic asphyxia by hanging. Indentation on joist consistent with past suspension. 


(Fig. 46; refs. 232 and 238). The arrangement or configuration of the bindings on the 
neck and other body sites allows voluntary compression (233,25/). These bindings are 
usually loose (Fig. 46; refs. 224, 263, and 28/). 

Evidence of other paraphilias has been observed (229). There may be bondage, 
i.e., the use of physically restraining materials or devices that have sexual significance 
for the user (e.g., plastic, rubber, or leather attire /225,227,228,230,233—235,238,249, 
253,258,267,282]). A man may be tightly wrapped in women’s apparel or other items 
(Fig. 46; refs. 232 and 240). The extremities and genitals may be bound (Figs. 46 and 
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Fig. 46. Autoerotic asphyxia by hanging. (A) Man dressed in women’s clothing found 
hanging in stairwell. Note scarf interposed between ligature and neck. (B) Shoes almost 
touching stair. Loose binding around wrists. Ankles bound. (C) Dress folds sewn together. 


; refs. pad; ‘ ; , and ). Hyperthermia could occur in a tightly bound 
individual (283). Bondage has also been described in women (224,241,263,265). 
Bindings create marks on different parts of the body (F ; refs. and ). 


Devices and sexual paraphernalia can be found on or in the body. This has been 
described in women (224). Foreign objects may be present in the rectum, vagina, or 
urethra. Associated trauma is possible (e.g., peritonitis, hemorrhage; see Chapter 7, 
Subheading 2.4. and refs. : : ; , and ). 

Evidence of recent and healed self-inflicted injury from sexual arousal is noted in 
some cases. Trauma (e.g., piercings, burns) on the genitals, nipples, and other body sites 
have been found (225, ,228, 234,238, ,253,258,263,264, ). Pubic hair may be 
shaved (230). Sexual masochism is rare in women (239,24). 

Evidence of sexual activity may be seen. The victim’s hand may be near the gen- 
ital area (225,234,241,273, ). The purpose of the autoerotic act is not necessarily 
masturbation; i.e., the hands are not always used to stimulate the genitals (229,258). 
Genitalia can be exposed (141,226,227,238,239, ,271). A zipper can be open (268). 
The presence of semen near the penis and priapism do not necessarily indicate mastur- 
bation but may be a postmortem event (see Chapter 2, Subheading 2.1, ; refs. 28, 

yale, , and ). The penis may be in a condom or other material (e.g., plastic bag 
containing tissue paper) that may contain seminal fluid ( ; refs. , 238, and 
). Seminal fluid may be found on clothes or on the thighs (240,243,275). 
Frequently, a male dresses in women’s clothing ( ; refs. 229, 
,239,243,258,261,274,276,255). The clothing may belong to the deceased’s wife, 
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Fig. 47. Autoerotic asphyxia by hanging (two cases). (A) Sock wrapped around penis. (B) 
Condom. Ties around penis and scrotum. (Courtesy of Dr. E. Tweedie, London Health 
Sciences Centre, London, Ontario, Canada.) 


daughter, or girlfriend (229,238). Cisvestism (i.e., obtaining sexual satisfaction from 
dressing in clothes typical of one’s own sex, e.g., a cowboy outfit, biker’s “leathers’’) 
may be practiced (227,232). Cross-dressing men are more likely to show evidence of 
anal self-stimulation with various devices, mirror-gazing, and self-photography (230). 
Women rarely wear unusual attire (239,24/,263). Victims can be partly or completely 
naked (227,229, ,234,24 1,243,258, ,273,281). 


2.7.2. “Atypical” Autoerotic Deaths 


“Atypical” autoerotic deaths result from sexual stimulation by nonhypoxic mech- 
anisms (about 10% /228,247,250,258,273 ]). These include: 
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Fig. 48. Faint mark on dorsum of right hand used by victim to secure a ligature during 
autoerotic hanging. 


¢ Electrocution (228,229,238,247,250, )). 
¢ Inhalants. 
o Mechanisms of death can be multifactorial (273). Hypoxia can result from displace- 


ment of oxygen by gas (e.g., nitrous oxide, propane /247,261,268,273]). Some agents 
cause arrhythmia (e.g., trichloroethane, fluorocarbons /273,290/). Nitrates are asso- 
ciated with severe vasodilation (229,273). Other gases are central nervous systerm 
(CNS) depressants (e.g., tetrachloroethylene, gasoline /229,27]/). These various 


inhalants are also used to commit suicide (29/). 
¢ Delayed death owing to bronchopneumonia secondary to renal failure from a urinary 
bladder calculus around a self-introduced catheter (292). 
¢ Intrarectal wound caused by firearm (see Chapter 6, Heading 10). 


Deaths from natural disease occurs during autoerotic practices (Fig ; refs. : 
3, 243, 244, 250, and 276). 
2.7.3. Toxicology 


Analysis for ethanol, drugs, and other intoxicants that may have been taken to 
enhance the autoerotic experience may explain the inability of a victim to extricate 
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Fig. 49. Man found dead from ischemic heart disease dressed in woman’s clothing. Use of 
metal rod (arrow) for anal stimulation. 


himself (133,225, ,248,255,261,273). Toxicological tests are not always ordered if 
the scene and circumstances leave no doubt as to the accidental nature of the act (/07). 


2.7.4. Consensual Sexual Activities 


Deaths happen during consensual sexual activity and can suggest homicide (244). 
The victim can be engaged in either a sadomasochistic practice or a hypoxic scenario 
intended to prolong orgasm. Some scenarios include the following: 


Bondage and asphyxia (e.g., manual/ligature strangulation, gagging/bags, chokehold 
[191,239,244,249,253,254,262,277,279]). 

Suffocation during fellatio and aspiration of semen (244). 

Air embolism from oral sex during late stage of pregnancy (244). 


e Electrocution (293,294). 
¢ Genital injuries from foreign body insertion and fisting (295). 
¢ Natural death (247,253). 


Nonfatal self-inflicted and genital injuries during intercourse (244). 


2.8. Pathologist’s Approach to a Hanging Death 
2.8.1. External Examination 


¢ Clothing and personal effects description. 

e Evidence of other trauma; distribution of lividity. 

¢ Is ligature available? Jn situ or removed? If in situ, note knot position, number of loops. 
Photograph ligature. If in situ, cut away from knot. Reconstruct circumference by join- 
ing cut ends with tape (Fig. 50). The ligature is evidence. 
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Fig. 50. Suicidal hanging. Ligature was removed from neck by cutting away from knots. 
Note reconstruction of ligature by tape (arrows). 
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Ligature description: 


Type of material. 
Circumference of noose. 
Width. 

Nature of knot (slipknot, fixed). 


Ocular or facial petechiae. 
Tongue protrusion between clenched teeth. 


¢ Description of furrow or skin “mark” (62): 


° 


fe} 


° 


° 


° 


° 


° 


Course (angled or canted up). 

Width. 

Neck circumference at level of furrow (to determine degree of neck constriction; 
noose circumference < neck circumference). 

Pattern. 

Transfer of ligature material. 

Associated skin changes or trauma. 

Relation to thyroid cartilage. 


2.8.2. Internal Examination 


e Anterior neck structures examined last—i.e., following collection of toxicology sam- 
ples and removal of other tissues and organs—to allow drainage of blood and reduce 
the possibility of artifactual hemorrhage. 

¢ Exposure of anterior neck structures either by midline incision from symphysis pubis 
to chin or Y-shaped chest and abdominal incision. The former is advocated as the best 
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method but causes difficulties for funeral home preparations. If using a Y-incision, do 
not initially dissect the upper flap above the clavicles; otherwise, settled blood can col- 
lect at the junction of the flap and underlying soft tissue, creating an artifact. If the death 
is suspicious, the tips of the incision at the shoulders can be extended behind the ears 
to allow better exposure and ease of removal. In suspicious cases, the pathologist must 
do this dissection. 

Prior to removal of anterior neck structures, gently palpate the hyoid bone. A variably 
calcified stylohyoid ligament may be felt. Inspect anterior neck muscles, including ster- 
nocleidomastoid muscles (incisions to rule out hemorrhages). 

Remove anterior neck structures (tongue, larynx, and trachea with thyroid gland and 
attached strap muscles; submandibular glands may be included). 

Inspect the tongue. Cut through the tongue (tip to base) to observe hemorrhage. 

Note whether hemorrhage is present in the submandibular glands. 

Dissect away the strap muscles and note any hemorrhage. 

Remove the thyroid gland, weigh, and section. 

Dissect muscle tissue away from the cricoid. Dissect muscle tissue away from the lam- 
inae of the thyroid cartilage and superior horns. Note any hemorrhage or fracture. 
Beware of anatomic variations of the superior horns. 

Palpate the hyoid bone again and note whether it is rigid or lax. Note any hemorrhages 
adjacent to the hyoid or thyrohyoid ligament. Dissect away the hyoid (note that the 
lesser cornua are variably long and may be inadvertently cut). 

If there is a suspicion of fracture, radiographs of the hyoid and larynx can be done. 
Specialized larynx dissection—i.e., longitudinal sections through the larynx to note 
intracartilaginous hemorrhages —is optional but may be informative in hanging cases. 
Open the esophagus posteriorly. 

Open the larynx-trachea posteriorly. If the larynx is calcified, manual force will be 
required to open the larynx (a crack may be felt or heard). Observe any submucosal 
hemorrhage or petechiae, mucosal injuries, and aspiration. 

The pathologist must retain the formalin-fixed specimen if the death was unusual or 
suspicious in anticipation of later legal proceedings and review by another expert. 


3. “SUBTLE” ASPHYXIAS 


Deaths resulting from neck compression usually have observable physical find- 
ings. Although internal neck trauma may be lacking, a furrow or mark is typically seen 
on the neck. Other types of asphyxial deaths lack obvious injuries and are “subtle.” 
Investigation of the scene and circumstances, coupled with the pathologist’s diligence 
in finding “subtle” clues at autopsy, help determine an asphyxial mode of death. In the 
case of asphyxiants, toxological analysis is essential when there is “no anatomic cause 
of death.” 


3.1. Smothering (Suffocation) 


Deaths from smothering involve impairment of breathing by obstruction of the nose 
and mouth. Some reserve the term suffocation for deaths in confined spaces, but the terms 
“suffocation” and “smothering” are generally used interchangeably (//6). Determination 
of the cause and manner of death in a suffocation or smothering death hinges on the inves- 
tigation because of the lack of pathognomonic signs (22). A smothering death can be sus- 
picious for homicide (22,296). Smothering is a method of infanticide. 
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3.1.1. Overlaying 


Overlaying is a form of smothering by a larger individual lying on top of a smaller 
individual, usually an infant (27). Besides airway obstruction, blood flow in the neck 
and chest excursion are impaired. One series showed an age range of victims from 6 d 
to 11 mo and in another, 70% were younger than 3 mo (27,/17). 

SIDS and other means of smothering must be considered (35,297). In various 
studies of SIDS fatalities, a disproportionate number of cases occurred in children who 
had shared a bed with a parent or older sibling (38,295). More recent literature has 
underscored the controversy about the relative benefits and risks associated with bed- 
sharing (38,299-301). Postulated mechanisms to explain the increased risk of SIDS in 
bed-sharing infants include hypoxia owing to re-breathing of parental expired air, air- 
way obstruction, and thermal stress. Blair et al. have suggested that “it is not bed-shar- 
ing per se that is hazardous but rather the particular circumstances in which bed-sharing 
occurs” (299). An investigation of an overlaying case needs to consider the following: 


The victim shared a bed with an adult, who can be obese, or with older siblings. More 
than two individuals may be involved (27,/13,115,116,302,303). 

Unless there is an admission by the bed-sharer, overlaying is difficult to determine 
(304). 

Children are usually on an adult bed (waterbeds, single or twin beds) or a sofa and only 
occasionally in a crib (27,305). 

The clothing of the adult and child, and the bedding requires examination (see 
Subheading 3.1.1.1.). 

Ethanol intoxication or a medical condition, neither freely admitted by the adult, can be 
a factor depressing an arousal response in the older bed-sharer (27,/ 16,304). 


3.1.1.1. EXTERNAL EXAMINATION 


There is a paucity of findings similar to SIDS and smothering cases (27,297). 
Pressure marks from bedding or clothing (adult’s or child’s) may be seen on the victim, 
but these also occur postmortem (27). The lividity pattern indicates the position of the 
child, who may show areas of pressure pallor from the bed-sharer. Some cases show a 
few contusions on the face and head, and even a few abrasions of the nose and cheek, 
depending on the firmness of the opposing surface (27). Ocular and facial petechiae are 
uncommon and relatively few (27). No oral or intraoral injuries are found, particularly 
if the child lacks dentition (27,//3). There can be intraoral petechiae (//3). Multiple 
cutaneous injuries and oral or intraoral injuries raise the possibility of homicidal 
asphyxia (27). 


3.1.1.2. INTERNAL EXAMINATION 


The majority of cases show intrathoracic petechiae (27,//3). The finding of 
epidural hemorrhage around the cervical cord was thought to be caused by congestion 
of the perivertebral venous plexus owing to chest compression; however, it is a nonspe- 
cific postmortem feature seen in deceased infants (306). 


3.1.2. Plastic Bag Asphyxia 


Plastic bag asphyxia results from decreased oxygen concentration in the available 
inspired air and physical obstruction of the mouth and nose (257). The latter mechanism 
arises when a plastic bag becomes electrically charged and adheres to the face, aided by 
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Fig. 51. Plastic bag asphyxia (suicides). (A) Elderly woman. (B) Neck pallor created by 
knotting and tying of three plastic bags. 


condensation (242,257). Alternatively, the placement of the plastic bag on the face may 
stimulate the sympathetic nervous system, resulting in a terminal arrhythmia. 


3.1.2.1. SUICIDES 
As a method of suicide, plastic bag suffocation is more common among the eld- 


erly (F ; refs. 3¢ ). This could be because of the availability and easy use of 
plastic bags (307,309). Death is relatively painless and would appeal to older and more 
debilitated individuals (307,309). Plastic bag asphyxia has been described in Final Exit: 


The Practicalities of Self-Deliverance and Assisted Suicide for the Dying, published by 
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the Hemlock Society, a right-to-die group (56,307,309,310). In the year after its publi- 
cation, the number of plastic bag asphyxial suicides in New York increased, but the 
overall suicide rate did not (3/0). Similarly, after the book had been translated into 
Danish, this method of suicide rose in that country (56). Three series of plastic bag sui- 
cides are summarized in Table 3. 

Asphyxiating gases (propane, ether, helium) have been used, and the gas tank is 
usually situated beside the body (3//—3/3). A modified bag has been described and was 
removed by the deceased’s helpers in an attempt to mask the death as natural (3/2). A 
victim can be assisted by a helper who positions the plastic bag. If propane is used in 
conjunction with the plastic bag, a prominent odor caused by ethyl mercaptan, which is 
added to propane, may be detected (3//,3/4). A 13-yr-old committed suicide using a 
bag containing aerosol deodorant (257). 
3.1.2.2. ACCIDENTS 

The following scenarios have been described: 

¢ Autoerotic asphyxia (see Subheading 2.7.1.). 

¢ Drug misadventure— volatile inhalants (e.g., chloroform, propane /257,308,315,316]). 
Inhalation of volatile hydrocarbons (e.g., trichlorethane) or fluorocarbon propellants. If 
the bag does not cover the head, arrhythmia is the likely mechanism of death (3/5, 
317,318). 
Children (e.g., plastic bag in crib /45,/14,115,117]). 
Plastic sheet— institutional deaths (e.g., patient’s face covered by plastic sheet placed 
for bed wetting /48/). 


A death scene can be altered to make a suicide or homicide appear to be an acci- 
dent (257). 


3.1.2.3. DESCRIPTION OF PLASTIC BAG 


In an Ontario series of suicides, the bag was secured in 95% of cases (Fig. 51; ref. 
307). A rubber band was most commonly used to secure the bag (22%). A large, clear 
plastic bag covering the head and secured at the waist has been described (3//). Eight 
cases (7%) studied in Ontario used more than one bag (up to three; see Fig. 51). About 
one-fourth made additional efforts to assist their deaths, e.g., obstructing the nose and 
mouth with a gag to ensure death, placing a mask over the nose and mouth to prevent 
the discomfort of the bag sticking to the face, tying the hands and/or feet to restrict 
movement, inhaling a noxious substance in the bag (e.g., carbon monoxide, propane), 
or modifying the bag (insertion of a breathing tube with electrical device/timer to simul- 
taneously pull out the tube and shut off the lights). Use of a breathing tube may also be 
used to prevent panic by allowing the victim to breathe while ingested drugs begin to 
take effect. 

In a Seattle review, the bag was in place in 65% of cases. In about 80%, a single bag 
was used (309). It was fastened in two-thirds of cases. Condensation was noted in the bag 
in half the cases. None of the individuals used additional efforts to assist their deaths. 

A Scottish series (27 suicides, 3 accidents) showed 19 bags secured (257). In five 
cases, two or more bags were present, and in six cases, noxious agents were in the bag 
(e.g., aerosol glue, chloroform). 

One case has been described in which a 40-yr-old woman hanged herself with a 
plastic bag over her head (308). 
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3.1.2.4. EXTERNAL FINDINGS 


Like other smothering deaths, there is a paucity of external findings in plastic bag 
deaths. If the plastic bag is removed at the scene by the victim’s associates or investiga- 
tors, the diagnosis becomes difficult (305). In the Ontario series of suicides, conjuncti- 
val or facial petechiae were seen in 7.5% of cases (307). A ligature mark was noted in 
about one-fourth of the cases (Fig. 51). The Seattle review revealed that petechiae were 
found in about 10% of deaths when the body was well preserved (309). Petechiae, usu- 
ally conjunctival, were few (<3 total), but one decedent showed florid facial and con- 
junctival petechiae following prolonged resuscitation. About 20% showed external 
marks on the neck corresponding to the securing fastener (half were rubber bands). The 
Scottish study found external and internal petechiae in 16% (conjunctiva, eyelids, other 
areas of the face, neck, pleura /257/). Facial congestion occurred in three cases. Four 
cases (13%) showed neck marks corresponding to the site of fastening. 

There may be coexistent injuries indicative of suicide (e.g., wrist incisions /3/4/). 


3.1.2.5. INTERNAL EXAMINATION 


Pulmonary edema and congestion have been seen in about half of deaths (307). 
Visceral petechiae were found in less than 20% of the Ontario cases and in only 4% in 
the Seattle study (307,309). No internal neck hemorrhage was described in the Ontario 
series, but one case observed in the Seattle review had focal hemorrhage in the thyro- 
hyoid membrane (307,309). The Scottish series found that 9 of 30 victims had preexist- 
ing disease (coronary atherosclerosis, lung disease), which could have altered their 
response to hypoxia (257). In rare instances, a brain tumor, which may have contributed 
to depression (e.g., meningioma in frontal lobe area), was found (3/9). 


3.1.3. Some Other Means of Suffocation/Smothering (Accident and Suicide) 


¢ Gas mask (320); modified gas mask and anesthetic gas (32/); anesthetic face mask and 
anesthetic gas (see Subheading 2.7.1. and ref. 29/); air-filter mask and helium (322). 

¢ Motorcycle helmet (visor taped, bath towel encircled neck) combined with asphyxiant 
(269). 

¢ Duct tape (case report description: tape started on the left side of the mouth, covered 
the eyes, nose, and mouth, and ended on the lower right cheek /296/). 

¢ Pillow (case report description: 32-yr-old male chronic schizophrenic /22/). 

¢ Children younger than | yr of age have been found dead facedown on soft surfaces (e.g., 
pillow, bean bag, waterbed, sheepskin rug, polystyrene-filled cushions, suspended rock- 
ing cradle /32,35,113,117,302,323—325 ]). The child is unable to extricate itself (J 13,324). 
The nose and mouth are obstructed, worsened by mucus and regurgitated milk (Fig. 52; 
refs. //3 and 323). Rebreathing of carbon dioxide has been demonstrated experimentally 
(323,326,327). Smothering by this means is uncommon in adults (Fig. 53). 

Sleeping in the prone position is a risk factor for death from SIDS (38). An abnor- 
mal response to increased inspired carbon dioxide concentration has been proposed 
(327). In a small percentage of infants, nasal obstruction during sleep and a delayed or 
absent mouth breathing response were considered factors leading to apnea (328). 
Normally, when a child is aroused under these conditions, it should move away from the 
potentially lethal environment (327). In the presence of soft bedding, movement of the 
head from side to side could worsen the situation by creating a deeper pocket, which 
traps expired air (327). Controlled lifting of the head, while in the prone position, is not 
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Fig. 52. Smothering in a confined space. (A) Child found wedged between bed and wall 
wrapped by thick bed cover. Orange stain where face pressed. (B) Regurgitated fluid (milk) 
coated right nostril and mouth. 


attained until 3 mo of age. The ability of infants to turn from lying facedown to the 
supine position is reached by 6 mo (327). These actions are hindered if the child is 
tightly covered by bedding (327). 

Anatomic characteristics of the infant pharynx and upper respiratory tract have 
been postulated as factors in airway obstruction (32). When prone, the softer nasal 
cartilage of infants is compressed. Certain infants could have increased tongue bulk 
and relatively small jaws, which decrease airflow. During sleep, there may be close 
approximation of the base of the tongue, soft palate, epiglottis, and pharynx owing to 
relaxation. 
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Fig. 53. Hemiplegic woman. (A) Found face down. Arm and leg wedged by bed rail. 
(B) Face in soft pillow. (C) Circumoral pallor. Tracheostomy tube (arrow) was capped. 


The baby’s head is a major temperature-regulating site. If covered, this could pre- 
dispose to hyperthermia and hypoventilation (32,35,329,330). 

Underlying pulmonary infection may increase the risk of dying, perhaps by con- 
tributing to laryngospasm or bronchospasm (34,329,330). 


3.1.3.1. EXTERNAL EXAMINATION 


¢ Gas mask deaths—conjunctival petechiae and facial congestion (mechanical pressure 
of mask on the face); indentations on facial skin (320). 

e Anesthetic face mask—marks around mouth and nose (29/). 

¢ Compression of face in soft material—pallor around pressure points (tip of nose, peri- 
oral area, midpart of forehead, cheeks, chin) surrounded by lividity (‘‘circumoral 
pallor”); tip of nose can be deviated (Fig. 53; refs. 22 and 325). If dentition is present, 
then abrasions on the lips and buccal mucosa from biting may be seen (Fig. 54). 


Other trauma (e.g., blunt force, penetrating trauma) suggests a struggle and possi- 
ble homicide (22,296). Binding of other body sites can be seen (e.g., ankles /296/). 
3.1.3.2. INTERNAL EXAMINATION 


Intrathoracic petechiae are absent or seen in variable numbers in children (//3). 
No petechial hemorrhages have been described in suicidal smotherings using duct tape 
or a pillow (22,296). Nonspecific pulmonary congestion is observed (22). Larger lung 
intraparenchymal hemorrhages may be resuscitative in origin (//3). 


3.1.4. Toxicology: Suffocation and Smothering 


If the circumstances are not suspicious, then toxicological testing may not be 
done. Toxicology testing in “suspicious” deaths determines whether the victim was 
incapacitated and vulnerable to a homicidal assault (22,269,296,308). 
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Fig. 54. Smothering (see Fig. 53). Small abrasion on right upper lip (arrow) from lower 
tooth. 


In plastic bag suicides, ethanol is present in about one-fifth to one-third of cases 
(257,307,309). Certain drugs (benzodiazepines, diphenhydramine, antidepressants) are 
commonly found (307). Above-therapeutic concentrations and toxic and fatal levels of 
medications occur (307,309). 

Analysis for volatiles in a plastic bag requires retention of postmortem blood 
preserved with fluoride, sampling of tissue (e.g., lung, liver, brain), and submission of 
the bag in an airtight can or glass jar, which is refrigerated until testing (257,269,314, 
316,321,331). Some gases (e.g., helium) cannot be tested, emphasizing the importance of 
investigation of the scene and circumstances surrounding the death (3/2). 


3.2. Wedging (Death by Interposition) 


Wedging is a form of mechanical asphyxia in which the face, neck, or thorax is 
compressed between two firm structures (see Subheadings 3.7. and 3.8. and ref. 27). 
Adults can become wedged between a bed rail and mattress (see Subheading 2.1.4. and 
refs. 99 and 332). In a review of 2178 infants younger than 13 mo of age dying of 
mechanical suffocation in the United States from 1980 to 1997, wedging was the most 
frequent scenario (40%), followed by oronasal obstruction or smothering (24%), over- 
laying (8%), entrapment with suspension (7%), and hanging (5% /117/). 

Young children, aged 3 mo to 2 yr, are usually found in an adult bed or their own 
crib/bed (/17). One study showed that wedging was seen primarily in 3- to 6-mo-old 
children (1/7). At this stage, infants have the capability to move to the corners of beds 
and cribs, but they do not have the muscle development to be able to extricate 
themselves out of a wedged position. They become wedged between the mattress and 
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Fig. 55. Wedging. (A) Infant found wedged between the bed and wall. Child also suffered 
severe burns from malfunctioning electric baseboard heater. (B) Indentation on scalp from 
edge of bed. (C) Reflected scalp showing associated contusions. 


either the wall, bed frame, a piece of furniture, mesh, or another mattress (Fig. 55; refs. 
4, 27, 35, 111, 113-117, 302, and 303). Parents may believe that pushing a bed against 
a wall prevents a child from falling out while sleeping. Heads wedged between crib slats 
or bedrails is another scenario (27,/13—115,302). A defective or malfunctioning cot is a 
possibility (see Subheading 2.1.5.2. and ref. 1/7). The mechanism of death in these 
cases could be aspiration (//0). 

Few external findings are seen; this emphasizes the importance of scene investiga- 
tion and interviews. Some cases show facial contusions or abrasions (27). Linear marks 
and indentations on the scalp and neck are consistent with contact with a firm surface 
(e.g., edge of bed frame; see Fig. 55 and ref. 27). Facial petechiae are rare, in contrast 
with adult traumatic asphyxia cases (27). No oral injuries are observed. Finding multi- 
ple cutaneous and oral injuries heightens the suspicion of nonaccidental asphyxia (27). 

A minority of cases have intrathoracic petechiae; usually only a few are present (27). 


3.3. Choking (Aspiration of Foreign Body, “Café Coronary,” 
“Creche Coronary”’) 


3.3.1. Scene and Circumstances (Accidental Choking Deaths) 
The phases of acute fatal airway obstruction are: 
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1. Penetration of the object into the airway. 

2. Obstruction of the airway. 

3. Failure to expel once the obstruction has occurred (333). 

Witnesses of a sudden death may describe signs of acute upper airway (glottic) 
obstruction (stridor, respiratory distress, coughing, choking) and the inability of the victim 
to speak (334-337). A rapid, deep inhalation frequently follows, causing a foreign object 
to pass further down the airway (333,338). Laryngospasm occurs (338). At this point, vagal 
stimulation, leading to arrhythmia and apnea, is a possible mechanism of death (339). An 
allergic reaction, manifest as laryngeal mucosal edema, happens under some circumstances 
(e.g., aspiration of pepper /340/). In some cases of foreign body obstruction in the esoph- 
agus and lower tracheobronchial tree, there is an asymptomatic period prior to the onset of 
respiratory symptoms (coughing, wheezing, dyspnea /334,336,341,342 ]). When hot liquid 
is aspirated, the onset of symptoms (difficulty speaking, dyspnea) develops following a 
latent period, up to 8 h (343). Incomplete obstruction eventually becomes complete when 
respiratory tract mucosal edema, inflammation, hemorrhage and bronchospasm occur 
(334). Chronic symptoms can develop (see Subheading 3.5.). 

Choking is a common cause of accidental death in children less than 1 yr of age 
(116,334,344). Ninety percent of choking deaths happen before the age of 5 yr. Various 
reviews have shown an age range of 4 mo to 14 yr (344). Older victims tend to be men- 
tally challenged, but normal older children can choke (334). Children aged 1 to 3 yr are 
vulnerable to choking (“creche coronary”) because of their increased mobility, inability 
to judge the appropriateness of placing small objects in their mouths and appreciate the 
size of a piece of food, small airways, inadequate dentition for chewing (i.e., develop- 
ment of incisors before molars allows biting but not proper mastication), and weaker 
cough reflex (/16,333,336,337,342,345—348). 

Home is the most common setting for incidents involving children (344). In many 
instances, the child is given an item by an adult who may not recognize the potential 
danger (344,349). The choking event is often unwitnessed (334). In one series, there 
was an adult present in about half the choking incidents, but direct supervision may 
have been lacking (333,344). Other children can distract supervising adults (e.g., in a 
day care center /347/). 

Choking occurs while eating and playing (e.g., running /347/). Sampling of new 
foods can lead to choking (347). Pica syndrome is the ingestion of inappropriate mate- 
rial that occurs in children and adults (345). Mentally challenged individuals and peo- 
ple with neurological disorders can devour food ravenously (gluttony; see Fig. 56 and 
refs. 340 and 350). Children younger than 1 yr of age are more likely to aspirate food, 
whereas older children tend to choke on nonfood items (334,348). In very young chil- 
dren, the possibility of SIDS arises, but choking needs to be considered (334). Choking 
on a pacifier has been described (Fig. 57; refs. //4 and 35/). Pacifier use was less fre- 
quent in SIDS cases than in controls in one study (352). 

In adult cases, there is either a sudden collapse mimicking an apparent heart attack 
while eating (“café coronary”’) or the death is unwitnessed (334,335,350,353). Predis- 
posing factors include a decreased protective airway reflex resulting from aging, poor 
dentition with a tendency to swallow food whole, alcohol consumption, and ingestion 
of other CNS depressants impairing the gag reflex (335,341,342,345,350,354,355). 
Only a third of fatalities happen in a restaurant (355). Most adult choking deaths occur 
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Fig. 56. Mentally challenged individual. Pica. Piece of plastic pushed down into carina by 
endotracheal tube. (Courtesy of the Office of the Chief Medical Examiner, Chapel Hill, NC.) 


at home, in a nursing home, or in a psychiatric institution (350,355). Deaths have been 

described in hospitals (350). Long-term care patients may have an underlying neurologi- 

cal or psychiatric disorder, resulting in a decreased cough reflex or dysphagia (341,345, 
: ). 

Other choking situations have been described. A bulimic individual can aspirate an 
object used to induce vomiting (e.g., fork /359/). Abnormal positions while eating can 
result in choking (350). Xerostomia (dry mouth) from salivary gland dysfunction causes 
swallowing difficulty (350). An emotional outburst can trigger a choking episode (360). 
A blow to the mouth, a seizure, or a loss of consciousness are other scenarios (360). 
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Fig. 57. Infant. Choking on pacifier. (A) Pacifier in mouth. (B) Anterior neck (larynx 
removed). Pacifier protruding through oropharynx. 


3.3.2. Role of Pepper Spray in “In-Custody Deaths” 


Oleoresin capsicum (OC) is a crude extract of hot peppers (genus Capsicum) that, 
when in contact with respiratory mucous membranes, causes individuals to choke or 
cough. OC may be used during police apprehension of an individual (see Subheading 
3.7. and ref. 36/). Variable dyspnea caused by bronchoconstriction parallels the intensity 
of the coughing. Asthmatics and others with pulmonary disease are at risk (90). Some 
subjects are unable to speak. A case of laryngeal edema complicated by respiratory arrest 
has been described in an 11-yr-old boy (362). To assess the role of OC in the death of an 
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individual, various factors must be considered: the circumstances of the apprehension, 
the temporal relationship between OC use and the onset of symptoms, the nature of the 
symptoms, the activity of the victim following OC use, the presence of natural disease 
(e.g., ischemic heart disease) that could account for a sudden collapse and unconscious- 
ness, and toxicological analysis to rule out toxic levels of ethanol and other drugs. Swabs 
of the face, mouth, and upper respiratory tract can detect the presence of pepper spray. 


3.3.3. Choking and Other Manners of Death 


Although most choking deaths are accidental, suicide and homicide are possible 
(338,363). Suicidal choking is uncommon and usually occurs in psychiatric patients and 
prisoners (338). Homicidal choking usually involves the aged; individuals debilitated by 
disease, alcohol, or drugs; and infants. When objects are forced into the mouth, signs of 
a struggle, if the individual was conscious, may be noted (338). There may be defensive 
injuries on the victim’s hands. Injuries on the upper and lower extremities, as the vic- 
tim was restrained, may be found. Marks or injuries consistent with victim’s head being 
held may be seen. Perioral, teeth, tongue, and other intraoral injuries can result. The 
presence of foreign material in the respiratory passages and digestive tract provides sup- 
portive evidence that an individual was forcibly choked, particularly if most of the 
object was removed by the assailant or emergency personnel. 

Natural disease can present as upper airway obstruction and sudden death. Coughing 
or vomiting can displace a tumor into the laryngeal opening. Examples of obstructive 
tumors described in the literature are: 

¢ Hypopharynx (lipoma /364/). 
¢ Upper esophagus (fibrolipoma, polyp /365—367/). 
e Larynx (invasive squamous cell carcinoma, “juvenile” papillomatosis /368/). 

Inflammation and reactive processes contributing to upper airway obstruction 
include: 

¢ Acute epiglottitis. 

e Palatine lingual edema of uvula, epiglottis, larynx (anaphylaxis; see Chapter 7, 
Heading 11.) 

¢ Tonsillar enlargement (infectious mononucleosis, streptococcal tonsillitis, diphtheria 
[369-372]). 

e Plasma cell granuloma of glottis (373). 

Certain conditions (e.g., nasal septal deformity, adenoidal or lingual tonsillar 
hypertrophy, lingual or laryngeal cysts) predispose to obstructive sleep apnea (sleep 
apnea syndrome /374/). Ingestion of alcohol can exacerbate this condition (375,376). 


3.3.4. External Examination: Choking 


There are few external findings in choking deaths. Subconjunctival hemorrhages 
without cutaneous petechiae have been described (334,350). The general state of denti- 
tion needs to be assessed. 


3.3.5. Internal Examination: Choking 

There may be no indication of a foreign body in the airway until the autopsy 
(334,350,377). If a foreign body is found, then inquiries must be made about the cir- 
cumstances of the death. An “innocent” explanation about the presence of the foreign 
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Fig. 58. Choking. Piece of pork chop removed from larynx at autopsy. (Courtesy of the 
Office of the Chief Medical Examiner, Chapel Hill, NC.) 


body may be elicited (e.g., placement of a coin at time of death as part of a traditional 
Chinese funeral practice /378/). Alternatively, the obstructing object is visualized dur- 
ing intubation but then is removed and not available for the pathologist to examine 
(114,355). Inquiry about any resuscitative efforts must be done. If resuscitation occurred 
and an artificial airway was inserted into the mouth, artifactual dislodgement of foreign 
material further into the pharynx may result (see Fig. 56 and refs. 355 and 360). 
Insertion of an endotracheal tube pushes a foreign body deeper into the larynx, trachea, 
mainstem bronchi, and esophagus. Failure to remove the larynx and inspect the oro- 
pharynx at autopsy means missing a cause of sudden death (335,369,379). 

The level of obstruction depends on the dimensions of the foreign body and its 
relation to the age and airway size of the victim (333,334). Some examples of nonfood 
items described in adults are dental or medical appliances, nasal secretions, talcum pow- 
der, hardware, feces, medications, and diagnostic media (e.g., barium /341,345,350, 
356,357,363,380-382 ]). The foreign body can be radiopaque (360). Children can choke 
on various items: balloons, small toys, hardware, coins, and the like (114,334, 
344, 346,353—385). Children choke more commonly on food (336). The food items are 
usually round and firm, yet pliable to allow molding in the airway (//4,333,347,349). 
Items such as beans can swell (379). Many types of food have caused choking in chil- 
dren (e.g., hot dog, bread, rice, candy, nuts, gum, fruits, vegetables // 14,334,337, 
344,347,353]). In adults, meat and vegetable matter, animal bones, and whole fish have 
caused choking (Fig. 58; refs. 341,355,356, and 386). Softer foods are seen in institu- 
tionalized patients who have choked (355). 
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Epiglottic congestion, laryngeal mucosal hemorrhage, congestion, and petechiae 
have been described in choking cases (334,350,360). In children and adults, aspiration 
of hot liquid leads to epiglottic, laryngeal, and tracheal edema, and mucosal denudation 
requiring assisted ventilation (343,387,388). 

Underlying disease predisposing to choking or aspiration should be assessed 
(340,389). 

Sharp foreign bodies (e.g., bones, toothpicks) can be inadvertently swallowed with 
food. Deliberate swallowing of foreign bodies leading to airway obstruction does occur 
in the mentally handicapped, individuals with psychiatric disorders, prisoners, and 
criminals who are smuggling contraband (e.g., jewelry, drugs /390/). Some swallowed 
objects can remain in or penetrate the gastrointestinal tract (e.g., open safety pin in 
esophagus puncturing heart leading to hemopericardium, toothpick through small bowel 
into common iliac artery, bone penetrating esophagus into aorta or common carotid 
artery, wood screw in retroperitoneum with septicemia, coin impacted in esophagus 
compressing adjacent trachea /337,379,391—-394/]). 

The Heimlich maneuver —1.e., the application of abdominal pressure to relieve the 
obstruction—can be associated with complications (353). 


3.4. Acute Aspiration 
3.4.1. Pharyngeal and Gastric Contents 


Terminal aspiration of sterile acidic gastric contents and oropharyngeal secretions 
containing bacteria occurs frequently as an agonal event and is often observed at 
autopsy (395). Cough and gag reflexes are depressed at death, allowing agonal regurgi- 
tation into the airway (396). This is not necessarily a cause of death, but a sign that an 
individual is obtunded (36,209,333,396). Psychiatric and neurological disorders that 
lead to choking cause aspiration of vomit (397). 

Aspiration of gastric contents is common in individuals with a decreased level of 
consciousness (drug overdose, anesthesia /395,397,398/). Critically ill patients are at 
risk (395). The supine position predisposes to gastroesophageal reflux (39S). Reflux is 
enhanced by decreased gastric motility, which leads to retained gastric contents and 
stomach distension in critically ill individuals (395). The risk of aspiration is high after 
removal of an endotracheal tube because of the residual effects of sedative drugs, the 
presence of a nasogastric tube, swallowing dysfunction related to upper airway sensitiv- 
ity, glottic injury, and laryngeal muscular dysfunction (395). Although a nasogastric 
tube is present, significant volumes of acid can still accumulate, depending on tube 
placement (398). The tube also passes through the esophageal sphincters, interfering 
with their function (398). Gastrostomy-tube and nasogastric-tube feeding offer no pro- 
tection from aspiration of colonized oral secretions (395). Postoperative patients are 
more likely to aspirate when swallowing rather than when vomiting or regurgitating, 
and they are usually seated (397). 

Aspiration can present with acute respiratory distress, but in many elderly patients, it 
is “silent” (395). Coughing can be a sign of acute aspiration (397). Mendelson’s syndrome 
refers to the acute “autolytic” appearance of the lung as an immediate response to aspira- 
tion of acidic (pH <2.5) stomach contents (395,398). Microscopic examination reveals 
edema and foreign material in distal airways and alveoli (Fig. 59; refs. 350, 363, and 397). 
Eventual bacterial colonization occurs. If acute inflammation develops in response to 
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bacteria (aspiration pneumonia), this indicates a survival period. If the pneumonia is exten- 
sive, then it is a cause of death (395,397). Inhalation of nonobstructing food particles can 
lead to a hemorrhagic pneumonia within hours (398). Within a few days, a granulomatous 
response is observed (see Subheading 3.5. and ref. 398). Diffuse alveolar damage also may 
follow (398). Inhalation of more basic (pH >2.5) liquid leads to pulmonary edema, which 
resolves rapidly with little lung damage and inflammation (398). Pulmonary edema occurs 
several hours after base aspiration, in contrast with acid aspiration (398). Passive transfer 
of gastric contents to the air passages does occur after death (396,397). Gastric contents 
were found in the air passages in about one-fourth of adult and pediatric deaths (“sudden 
infant deaths”) in one study (396). Green discoloration of lung parenchyma may be 
observed (Fig. 59). At autopsy, green or brown material may be seen in the mainstem (usu- 
ally right) or intraparenchymal bronchi (Fig. 60; refs. 337, 342, 377 and 389). 

Toxicology is important to rule out incapacitation by alcohol and other drugs, par- 
ticularly if there is no clearly defined cause of death (355). 

Gastroesophageal reflux is one theory proposed to explain apnea leading to SIDS 
(35). The introduction of acid into the esophagus was also thought to cause cardiac 
arrhythmia (35,399). Studies have shown that most apneic episodes are independent 
of gastroesophageal reflux (399). Reflux is more likely to occur while the infant is 
awake rather than when the child is sleeping, the usual scenario in SIDS (399). Gastro- 
esophageal reflux may simply be a manifestation of general developmental delay (35). 
Reflux is less likely in the prone position, a risk factor for SIDS (ref. 400; see 
Subheading 3.1.3.). 


3.4.2. Aspiration of Particulate Material 


Aspiration of various types of particulate material causes obstruction in the lower 
respiratory tract. Examples include: 

¢ Sand and/or gravel following burial of a live individual. Initial mouth-to-mouth resus- 
citation and intubation can further impact material (see Chapter 5, Subheading 10.2. 
and refs. 40/—404). 

¢ Pepper. Most cases described are homicides—i.e., punishment of a child by forcibly 
putting pepper in its mouth (405-407). Mechanisms of death include mechanical 
obstruction and mucosal edema due to the irritant effects of pepper. 

¢ Talcum powder (children /408—4/0/). Talc particles (magnesium silicate) are polariz- 
able, and demonstrated on microscopic examination of the lungs. 


3.5. Chronic Aspiration 


Typically, chronic aspiration of oropharyngeal secretions and food affects the elderly 
and debilitated (e.g., cancer, neurological disorder) and institutionalized individuals who 
likely have swallowing difficulties (354,357,389,395,397,398). The elderly frequently 
have poor oral hygene, resulting in colonization of their mouths by respiratory tract 
pathogens (Enterobacteriaceae, Pseudomonas aeruginosa, Staphylococcus aureus [395]). 

Because of the circumstances, a history of aspiration may not be elicited (377, 
411,412). This is also applicable to children who may inhale a foreign body but yet are 
asymptomatic. Aspiration in the debilitated can be repeated, manifesting as recurrent 
pneumonia, episodic bronchospasm, bronchiectasis, or a lung abscess (336,337, 
341,342,377,379,389,412—414). Eventual respiratory arrest can occur. 
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Fig. 59. Acute aspiration. (A) Area of green discoloration of lung parenchyma owing to 
aspiration of bilious stomach contents (delimited by arrows; see Companion CD for color 
version of this figure). (B) Microscopic section of lung. Aspirated material from pharynx 
and stomach (H&E, original magnification x100). 


Microscopic examination of the lungs affected by chronic aspiration will reveal 
associated bronchiolitis, bronchopneumonia, and/or foreign body granulomatous 
inflammation (Fig. 61; refs. 337, 377, and 389). 


3.6. Gagging 

Gagging combines features of smothering and choking. A gag in a victim’s mouth 
or wrapped around the nose and mouth interferes with the ability to breathe and swal- 
low (338). A foreign object can be inserted into the victim’s mouth prior to gagging 
(338). Although they are usually associated with homicides (e.g., elderly robbery vic- 
tim, neonaticide), gags have also been used to stifle screams by victims using a painful 
method of suicide (e.g., self-immolation /4/5/). 
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Fig. 60. Acute aspiration. Larynx and mainstem bronchi. 


3.7. Positional Asphyxia 


Positional asphyxia is a fatal condition owing to the body being oriented in an 
unusual position, either induced or adopted independently, which mechanically inter- 
feres with pulmonary ventilation by airway obstruction and interference of chest wall 
excursion ( ; refs. and 4/7). 

Ventilatory pump failure can be the result of decreased central respiratory drive 
(e.g., depressant drugs), chest wall defects (e.g., flail chest), and respiratory muscle 
fatigue (4/5). A victim may not be able to self-extricate from a position because of var- 
ious factors (e.g., alcohol or other drugs, debilitation, degenerative brain disease /97, 

246, /). Alcohol and other drugs acting as CNS depressants relax muscles, 


including the tongue, causing airway obstruction (97,416). Toxic levels of these drugs 
also depress central respiratory centers. The CNS respiratory drive fails to respond to 
the increased biochemical demands of the body (417,419, ). 


Variations of positional asphyxia have been described: 


¢ Head-down position (reverse suspension, “upside-down;” see and refs. 
, 419, 420, and 422). 


> 
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Fig. 61. Chronic aspiration. Foreign body granulomatous inflammation (vegetable mate- 
rial; H&E, magnification x200). 


Fig. 62. Positional asphyxia. 


e In contrast to the erect position, where thoracic breathing predominates, a person 
head-down has limited chest wall excursion (246,423-426). In cases of complete 
reverse suspension, the abdominal viscera press on the diaphragm, prolonging the 
inhalation phase (427). Initially, respiratory frequency increases to compensate (427). 
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Fig. 63. Positional asphyxia. Reverse suspension following vehicle rollover. (Courtesy of 
Dr. C. Rao, Regional Forensic Pathology Unit, Hamilton, Ontario, Canada.) 


° 


° 


Eventually, hypoxia ensues because of the decrease in chest wall movement due to 
respiratory muscle fatigue (42/,427). The decreased effectiveness of the respiratory 
muscles means the ability of intrathoracic pressure to allow effective venous return to 
the heart is reduced (246, ). Also, blood volume shifts to the head, where venous 
return to the heart is not as efficient (246). Diminished blood flow furthers respira- 
tory muscle fatigue and eventually cardiac arrest occurs (425). 

The head-down position leads to death of rabbits in half a day (427). A decreased and 
often irregular pulse rate is observed in human volunteers (427). Estimates of time 
until death in humans (e.g., parachutists, occupants in a vehicle rollover) range from 
several hours to a day (246,419). 

The Trendelenburg position in the clinical setting has effects on cardiac and pul- 
monary function (419,427). 


¢ Neck or trunk hyperflexion while head-down or sitting upright (e.g., neck hyperflexed 
occluding tracheostomy site; goiter occluding airway) leads to obstruction of the 
respiratory tract (416,417). 
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Trunk flexed over object (e.g., edge of bathtub) restricting diaphragm and chest move- 
ment (48,417). 

Recreational abdominal suspension and compression (e.g., 12-yr-old girl suspended on 
swing by synthetic webbing /42//). 

Neck or chest compression (e.g., neck flexion from entrapment by bedrail; see 
Subheadings 2.1.4, 3.2., and 3.8. and refs. 99, 332, and 417). 

“Excited Delirium”, “Prone Restraint Asphyxia” and the use of “Tasers.” 


° 


° 


° 


Deaths during prone restraint (“prone restraint asphyxia”) arise when an individual 
becomes highly agitated (“excited delirium’), as a result of psychosis or stimulant 
drug intoxication (e.g. cocaine, hallucinogens, methamphetamine), and is subdued 
(428-431). These deaths occur in institutions and in the custody of police; therefore, 
they are problematic and controversial cases. During the delirium, individuals 
become paranoid, insensitive to pain and agitated (428,429,431,433). They possess 
“superhuman” strength, and a number of police officers are required to restrain and 
subdue them (429,43/). Typically, these victims, after a preiod of considerable strug- 
gle, become quiet and then go into cardiorespiratory arrest (429,431,433). Various 
forms of restraint are employed, one variation of which is “hog-tying” or “hobbling” 
(417), which has been implicated as the primary cause of death. 

The events and phenomena leading up to deaths associated with prone restraint 
asphyxia are complicated and it essential that other causes of death, i.e. disease and 
trauma (e.g. head injury, neck compression, visceral injury) are excluded (430,431, 
436). When faced with an apparent case of prone restraint asphyxia, several factors 
may have contributed to death (418,428—431,433,436-439): pressure may have been 
exerted on the neck (428,429,431); weight may have been applied to the chest wall 
(429); exhaustion, hypoxia, acidosis and hyperpyrexia may occur as a consequence 
of a prolonged struggle; alteration of brain receptor function in individuals who are 
chronic abusers of cocaine makes them prone to cocaine-induced excited delirium 
and hyperthermia (43/—434); chronic cocaine use can lead to cardiomegaly and 
myocardial fibrosis, which are risk factors for an arrhythmia, the risk of which is poten- 
tiated by the “hyper-adrenaline” state of acute intoxication (418,43 ]—433,435). In addi- 
tion, it should be remembered that death can occur in unrestrained cases of excited 
delirium (432,433) or in individuals who are restrained in other than the “hog-tied” 
position (439a). 

The complexity of the various pre-mortem phenomena in fatal cases of prone 
restraint asphyxia prompted a series of experiments on human volunteers to deter- 
mine the degree to which positioning of normal individuals in the “hog-tied” prone 
position after exercise interferes with the process of respiration, which relies on three 
critical processes (4/8): a patent airway; a “bellows” mechanism by which gases are 
moved into and out of the airways through the action of the ribs, intercostal muscles, 
diaphragm, abdominal wall and accessory muscles of respiration; and lungs in which 
there is a normal flow of gases into and out of the airspaces and across the alveolar 
walls to and from the pulmonary vasculature. Although the earliest of these studies 
suggested that the “hog-tied” position increased the recovery times of both heart rate 
and peripheral oxygen saturation after exercise (439b), these observations were 
refuted in a subsequent study that used more sophisticated methods for determining 
blood oxygenation and, in addition, which assessed pulmonary function (439). The 
latter study demonstrated that “hog-tying” did produce a mild restrictive pulmonary 
deficit, to no less than 80% of normal predicted values, but this deficiency was not 
associated with hypoxia, hypercapnia or a delay in the post-exercise restitution of 
normal heart rate nor were the mild changes in pulmonary function any different from 
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those occurring in unrestrained individuals who were lying supine or prone (418,439). 
The placement of up to 50 lbs of weight on the back did not further compromise res- 
piratory function in additional studies on “hog-tied” healthy volunteers (435). 

The observations in healthy volunteers suggest that forcible restraint per se is not the 
sole cause of death in prone restraint asphyxia, leading to a commentary by Reay 
and Howard (4/8) that, in such causes, “causes of death are a matter of conjecture 
and cover the spectrum of catecholamine rush, neuroleptic malignant syndrome, 
psychogenic death (including exhaustive mania and excited delirium), and exercise 
induced cardiac arrest’ or, in their other words, that “during the investigation [of 
prone restraint asphyxia] multiple factors emerge, all of which may have played 
some role in the death and none of which is convincing enough to stand alone as the 
undisputed cause of death.” In such instances, Howard and Reay recommended that 
death is certified “by a descriptive statement that encompasses identified factors in 
the death” (4/8). 

As well as physical attempts at restraint, subjugation of individuals displaying excited 
delirium may also involve administration of pepper spray and electric shocks using a 
“taser”, at times without apparent effect (428,429,431) (see Subheading 3.3.2.). 

A “taser” is a hand-held weapon (“neuromuscular incapacitation device”) that uses a 
gunpowder charge to project two barbs, which remain tethered to the weapon by elec- 
tric wires. When the barbs penetrate or lie in clothing close to, the skin, an incapaci- 
tating electric shock whose duration is controlled by the operator immobilizes the 
victim (439c-439f) and allows restraints to be placed. Several models of the taser 
weapon are, or have been, available, including the “original” Police model, a less 
powerful “public” model and a more recent advanced M26 model that is more effec- 
tive at incapacitating individuals (439d). 

Tasers cause primary injuries, in the form of small puncture wounds and burns at the 
site of lodgement of the barbs or secondary injuries owing to falls caused by the inca- 
pacitating electric shock (439g). Rhabdomyolysis may also occur but its cause is 
uncertain because of the other potentially myotoxic factors that exist in many patients 
who are subjected by taser (see Chapter 8, Heading 13). 

Most deaths purported to be associated with the use of a taser have occurred min- 
utes to hours after the electric shock and in individuals who are also intoxicated by 
phencyclidine (phenyl-cyclohexyl-piperidine [PCP]) (439g,439h) and/or cocaine 
(439g), both of which alone are capable of causing sudden death, or in cases who 
have pre-existing heart disease (439g). A prospective case study of all patients 
admitted to an Emergency Department over a five and a half year period who had 
been shot with a taser recorded 3 deaths in 218 patients; two cases developed a car- 
diac arrest 5 minutes and 15 minutes after being shot by a taser, and one case showed 
a respiratory then cardiac arrest 25 minutes after taser electrocution—all of the three 
cases had high serum and liver levels of PCP (439h). In addition, a case report 
describes a 16-year-old male who developed, and was resuscitated from, ventricular 
fibrillation after he had been shot by a taser, providing some evidence of a direct 
association between a taser electric shock and a potentially fatal cardiac dysrhythmia; 
however, the interval between the taser shooting and collapse of the patient is not 
recorded and the report does not state whether or not the victim was intoxicated by 
PCP, cocaine or other substance (439i). In contrast, analysis of the event record 
of an implantable defibrillator after a taser hit showed no evidence of ventricular 
fibrillation (439j). 

Experimental studies in pigs prove that the electrical charge required to induce ven- 
tricular fibrillation is directly related to body mass and is 15 to 42 times greater the 
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charged delivered by the taser (439k). Studies on healthy human volunteers have 
shown no effect of taser discharges on cardiac activity at the time of, or 24 hours 
after, the electric shock (439/), in line with earlier observations showing no ECG 
abnormalities in patients treated in the Emergency Room after being shot by a 
taser (439h). 

The foregoing observations suggest that a taser strike, which delivers an electrical 
charge to the body, is, by itself, not a likely cause of death because of the immediacy 
of fatal collapse observed in typical electrocution deaths (see Chapter 4, Subheading 
7.1.4.). Nevertheless, it is almost impossible to prove (or refute) the extent to which 
an electric shock, delivered by a taser to an individual in a state of physiological or 
toxicological “excited delirium’, is the immediate cause of death, a problem reminis- 
cent of the difficulties in deciding which of the many factors cause death in prone 
restraint asphyxia, as discussed previouly in this section. There is some justification, 
therefore, for the comment that “...while the use of tasers may be generally safe in 
healthy adults, preexisting heart disease, psychosis and the use of drugs... may sub- 
stantially increase the risk of fatality.”(439m) 

¢ SIDS (see Subheading 3.1.3.). 


° 


3.7.1. Postmortem Findings: Positional Asphyxia 


A case of positional asphyxia usually has few physical findings (4/7). Because the 
deceased has been moved, an accurate description of original position at the scene is 
crucial in determining the cause of death. Other causes of death need to be excluded 
(97,418). 

If the person was head-down, then lividity is seen in the face, neck, and upper 
chest. Cephalic congestion and swelling are noted (4/9). Associated cephalic cutaneous 
and ocular petechiae occur but can be absent (4/6,4/9,440). Blunt trauma cutaneous 
injuries, indicative of struggling, may be found (4/6,4/9). Internally, there can be con- 
gestion of the base of tongue, epiglottis, and trachea (4/6). Congestion of the brain and 
lungs is also observed. Bruising of the chest wall, diaphragm, peripancreatic area, and 
spleen is consistent with abdominal suspension (42/). 


3.8. Traumatic Asphyxia 
3.8.1. Scene and Circumstances 


Traumatic asphyxia was first described in 1837 by Ollivier, who saw individuals 
crushed to death during mob violence (/1,44/—445). Information about the circumstances 
of the fatality assist in determining the cause of death, particularly when findings are 
lacking (443,446). The common theme is chest compression by an object weighing 
more than the victim. Classification of whether an asphyxial death is positional or trau- 
matic hinges on the situation described (see Subheading 3.7. and ref. 4/6). If chest com- 
pression is considerable, then traumatic asphyxia has occurred. If the deceased assumed 
a particular body position resulting in neck or chest compression, then positional 
asphyxia is the likely scenario. 

¢ Motor vehicle-related deaths are the most common (445). Various situations have been 
described: 
e Motor vehicle slipped off jack during repair (443-445). 
o Ejection of motor vehicle occupant and subsequent crushing by rollover (443,446). 
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Fig. 64. Traumatic asphyxia. Pinned by farm machinery. (Courtesy of Dr. M. E. Kirk, 
London Health Sciences Centre, London, Ontario, Canada.) 


o Front seat occupant pinned between seat and either steering wheel or dashboard 
(422,443,444). 

e Pedestrian run down by slowly moving car (443). 

o Garbage truck compaction of homeless/intoxicated individual sleeping, or passed out 
in dumpster (447). 

o Entanglement of clothing in driveshaft of car (448). 

Pinned or crushed by heavy machinery, construction material, falling debris, cave-in 

(see Subheading 3.10., Fig. 64, and refs. 441, 443-445, and 449). 

Fallen appliances, furniture (particularly children /443,450/). This has been described 

as a means of homicide. 


Homicides resulting from traumatic asphyxia may have evidence of other asphy- 
xial methods (e.g., smothering, strangulation /45/ /). 


3.8.2. Mechanisms of Traumatic Asphyxia 


Severe compression or crushing of the chest, upper abdomen, and/or back inter- 
feres with thoracic respiratory movement (441,450). Rarely, a “jackknife” injury occurs 
when the victim’s chest is in contact with the thighs and knees, or “accordion” pressure 
is inflicted on a child (44/). Typically, there is a weight disparity between the compress- 
ing force and victim (usually > 1000 kg or 500 lb [441,444,445 /]). The length of com- 
pression time before death varies depending on force severity. An individual can die in 
seconds if there is considerable weight, but usually at least 2 to 5 min elapse before 
death ensues (441,446). 
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Fig. 65. Subtle signs of traumatic asphyxia. Man run over and pinned under vehicle that 
contained three occupants and had poor suspension. (A) Victim’s jacket. Dirt impres- 
sion from tire tread. (B) Tire tread. (C) Cutaneous petechiae in nonlivid areas of back. 
(D) Conjunctival petechiae, lower eyelids (retracted). 


~ 


7 
2 
age 
Sata) 


Survivors, in one series, were extricated within 15 min, but the decedents were 
pinned within or under their vehicles from 5 to 15 min (443,446). Victims can be 
crushed slowly (44/). Information regarding the minimum threshold weight to cause 
death is scarce. The large loads described in the literature imply that at least five times 
body weight is involved. Experimental work on guinea pigs showed a three times 
weight differential resulted in death of some subjects in 10 min (452). One case report 
described a 13-kg child pinned by the legs of a 60-kg adult, who had a 0.7-kg leg cast, 
for 40 min (weight differential about 1.8 times, if the adult’s legs and cast are equiva- 
lent to 40% of the perpetrator’s body weight, 1.e., 24 kg /49,453/). 


3.8.3. External Findings: Traumatic Asphyxia 


Although classical signs have been described, they are not always evident. Only 
subtle features (e.g., petechiae) may be observed (443,446). Masque ecchymotique 
refers to the classic appearance of blue-red to blue-black discoloration of the face and 
neck with variable involvement of the upper thorax, back, and arms, and associated 


petechiae or ecchymoses (Fig ; refs. 1/, , and 443 ). Maximum discoloration 
may not appear in survivors until several days after the incident (44/). The skin is 
spared discoloration under points of pressure (441,445). Discoloration disappears usu- 


ally within a few weeks and does not undergo the color changes seen with the healing 
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of bruises (441,444). The color is not altered by the administration of oxygen (441). 
Petechiae disappear within days, but subconjunctival ecchymoses can persist for weeks, 
eventually fading to yellow and disappearing (//,44/,444). There is associated facial 
edema (1 /,441,444,445). Similar but less pronounced observations are seen as a result 
of difficult delivery, prolonged vomiting or coughing, seizures and asthmatic episodes 
(see Subheading 1.5. and refs. 44/ and 444). External blunt trauma injuries can be seen 
on the head, neck, and torso (444-446). 

Sudden severe compression of the torso raises intrathoracic pressure, obstruct- 
ing flow of blood from the superior vena cava into the right heart (see Subheading 
1.5. and refs. //, 441, and 443-445). Venous drainage of the head and neck area is 
through the IJV and EJV. The EJV drains the superficial soft tissues of the scalp and 
neck. Although the EJV possesses valves, they are not competent to prevent flow 
reversal at pressures exceeding 45 mmHg (maximal pressures during resuscitation, 
40 mmHg). In contrast, the IJV, which drains the upper airway and brain, is more 
resistant to a rise in CVP. The rigid skull and the capacitance of the venous sinus sys- 
tem protect the brain from intraparenchymal hemorrhage (454). Compression of the 
torso may be not enough to raise the venous pressure in the head and neck to pro- 
duce the classic external findings (444). A “fear response” —i.e., taking a breath and 
holding it when faced with an impending disaster—results in glottic closure and 
accentuation of intrathoracic pressure (443,444,450). The lower torso is spared 
because the Valsalva maneuver compresses the inferior vena cava (455). During 
severe vomiting and coughing, forceful contraction of the thoracoabdominal muscles 
against a closed glottis can lead to increased cephalic venous pressure (44/). 
Relative stasis of blood in dilated capillaries causes dark discoloration (441,443, 
445). Consequent vessel rupture results in petechiae and ecchymoses. Cutaneous 
petechiae are absent if chest compression is severe enough to impair left and right 
heart function (442). 


3.8.4. Internal Findings: Traumatic Asphyxia 


Internal findings may be minimal or absent. The following have been observed: 


Eyes: Purtscher’s retinopathy (retinal hemorrhages /441 /). 
Mouth, nose, ears: pharyngeal, sublingual, nasal, and auditory canal petechiae/ecchy- 
moses, which can result in external bleeding; bleeding from the nose and ears mimics 
a basal skull fracture (//,44/). 
Upper respiratory tract: epiglottic, laryngeal, and tracheal petechiae; laryngeal edema 
(443,446). 
Bones: rib/clavicle fractures; extremity and pelvic fractures also possible (44/,443, 
445,446,456); skull fractures rare (441,445); bone marrow and fat emboli may or may 
not be seen (446). 
Lungs: contusions/lacerations; hemo-/pneumothorax; congestion (443—446,456). 
Heart: injuries rare (ruptures, contusion) (445,454,457). 
Abdomen: hepatic/splenic lacerations (443-445). 
CNS: cerebral edema; cerebral petechiae, intracerebral hemorrhage rare; spinal cord 
ischemia (441,443 ,444,456). 

If there are severe injuries, multiple blunt trauma is the cause of death (441,443,450, 
454). Internal injuries, such as rib fractures, may not be fatal but indicate that compres- 
sion was sustained (443). Pulmonary fat embolism should be considered (see Chapter 8, 
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Subheading 12.1. and ref. 449). The lack of other fatal injuries supports asphyxia as the 
mechanism of death (443,446). Impaired venous blood flow to the right heart and 
decreased cerebral perfusion are other possible mechanisms (443). To exclude the possibi- 
lity of incapacitation by alcohol and drugs, toxicological analysis is required (443). 


3.9. Carbon Monoxide 


Carbon monoxide (CO) is the leading cause of death resulting from poisoning 
(458,459). CO is a tasteless, odorless, colorless, and nonirritant gas that is produced by 
the incomplete combustion of carbon-containing substances (460-468). During com- 
bustion, if the availability of oxygen (O,) is high and the temperature below 710°C 
(1310°F), carbon dioxide (CO,) production is favored, but in O,-deficient environments 
at higher temperatures, CO formation occurs (see Chapter 4, Heading 2. and ref. 469). 
Common sources of CO include tobacco smoking, automobile exhaust, industrial 
processes, unvented or faulty heating units, and fires (460,462,464,466-468,470-472). 
An uncommon source of CO is dichloromethane (methylene chloride), used in paint 
remover, aerosol propellants, and degreasers (460-462,465,466,468,469). A combina- 
tion of formic acid and sulfuric acid produces CO (473). 

CO binds reversibly to hemoglobin to form carboxyhemoglobin (COHb; refs. 46/ 
and 474). Because CO affinity for hemoglobin is 200 to 250 times greater than O,, 
blood O,-carrying capacity is reduced (461,462,464-466,468,471,474-476). Hypoxic 
effects are enhanced because CO binding to hemoglobin modifies remaining O, bind- 
ing sites, increasing hemoglobin affinity for O, and displacing the O, dissociation curve 
to the left, thereby decreasing O, release to cells (461,462,465-468,471,472,475, 
477-480). Decreased tissue O, delivery stimulates breathing, increasing CO uptake and 
causing respiratory alkalosis, further shifting the oxyhemoglobin dissociation curve to 
the left (457). About 10 to 15% of absorbed CO binds reversibly to other heme proteins, 
myoglobin, and the mitochondrial cytochrome oxidase (cytochrome a3) system essen- 
tial in the production of ATP (462,466,467,471,475,478,481-485). CO may reduce 
muscle function (475,45/). Other harmful mechanisms of tissue damage (e.g., 
brain—lipid peroxidation) have been described (461,467,472,475,481). 

Endogenous production of CO yields a baseline COHb saturation of 0.4 to 0.7% 
(461,462,465,479). An abnormal COHb level depends on the atmospheric concentration 
of CO, duration of CO exposure, and the ventilatory rate and depth (46/-463,465-471, 
474,480,486). 

The normal atmospheric concentration of CO is usually less than 0.001% (10 ppm 
[461,463,468/]). The atmospheric concentration can exceed 0.01% (100 ppm) in heavy 
urban traffic and during periods of atmospheric stagnation (460,463,466). COHb aver- 
ages 1 to 2% in urban nonsmokers (46/-463,465,468). Heavy smokers can have a 
COHb saturation approaching 10% and cigar smokers up to 20% (460,462,466,480, 
487). An atmospheric CO concentration of 1% (10,000 ppm) can equilibrate to about 
95% COHb (462,466). 

At rest (pulmonary ventilation about 6 L/min), COHb saturation = 3 x % CO in 
environment x time of exposure (min). For light activity (ventilation about 9-10 L/min), 
COHb saturation = 5 x % CO x time of exposure (470). High concentrations of CO 
(>1% or 10,000 ppm), such as in suicidal inhalation and fire deaths, lead to uncon- 
sciousness and death, without prodromal symptoms, within a short time (462,466, 


Chapter 3/Asphyxia 149 


Table 4 
Symptoms Related to COHb Concentrations 
% COHb Healthy adult History of heart disease 
Up to 10% Asymptomatic Less exertion needed to cause 


chest pain in individuals with 
angina pectoris. 
10-20% Headache; dyspnea with exertion. Potentially lethal (arrhythmia). 
20-30% Throbbing headache; nausea; abnormal 
manual dexterity; fatigue; dimming 
of vision. 
30-40% Severe headache; nausea and vomiting; 
visual disturbance; mental confusion; 
weakness (35% potentially lethal). 
40-50% Syncope; tachycardia; tachypnea. 
50-60% Coma; seizure (life-threatening). 
>60% Compromised cardiorespiratory 
function; death. 


Adapted from refs. 462, 465, 466, 471, 482, 488, 491, and 498-500. 


48S—49]). An active person, breathing air containing 5% CO, has a COHb level of about 
10% in about 10 s, and about 40% in 30 s (492). Lethal levels of COHb are achieved 
within 10 min in a closed garage (CO 0.5—1.0%) (468,470,493). A CO concentration of 
0.2 to 0.3% (2000-3000 ppm) can lead to death within 1 to 2 h (465,469,491,494). CO 
uptake is enhanced when ventilation is increased by CO, emission from automobile 
exhaust, stimulating the central respiratory control center (49/). Household pets, 
because of their smaller size and greater metabolic rate, succumb before human occu- 
pants in a dwelling (471,472,481,495). 

Because of the fixed oxygen needs of the cardiovascular system and CNS, related 
symptoms are common with prolonged (subacute) exposure to relatively low CO con- 
centrations (0.02—0.12% [200-1200 ppm]; see Table 4 and refs. 461, 467, 468, 470, 
477, 479, 496, and 497). 

Patients admitted to a burn unit with COHb levels above or equal to 10% have shown 
electrocardiographic and biochemical evidence of cardiac injury (50/). Low levels of CO 
worsen myocardial ischemia in physically active individuals with angina (502). Patients 
with coronary artery disease cannot increase coronary blood flow when COHb saturation 
is raised acutely (<10% saturation [470,485 /). Other medical and constitutional factors pre- 
dispose individuals to the toxic effects of CO (462,465,466,468,474,481,491,503,504). 
Infants, individuals with anemia or lung disease, and the elderly are more susceptible. Fetal 
death has been observed in cases of nonlethal maternal CO poisoning (463,472). CO binds 
more avidly to fetal hemoglobin than to maternal hemoglobin (hemoglobin A). 

The half-life of COHb in resting adults at sea level is 4 to 5 h. CO is eliminated 
essentially unchanged from the lungs (462,465,468,479). Resuscitation decreases 
COHb. The administration of pure O, reduces the half-life to 80 min, and to 24 min 
when hyperbaric O, is used (460,462,463,465,466). Low levels are also encountered if 
the clinical presentation is delayed, or there has been a period of survival (463,464,472, 
475,480). 
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Fig. 66. Carbon monoxide poisoning. Vehicle’s exhaust diverted by hose into office space 
in garage, where the deceased was found. 


3.9.1. Scene and Circumstances 


Common scenarios encountered are suicidal inhalation cases, fire victims, and 
nonfire-related unintentional deaths (see Chapter 4, Heading 4. and refs. 458, 463, and 
469). In a US study of CO-related deaths from 1979 to 1988, about half of the 56,133 
certified deaths were suicides, 28% were fire-related, and 20% were unintentional 
(458). Intentional and unintentional CO poisoning occurs predominantly in males 
(458,494,504). 

Use of motor vehicle exhaust fumes is a common means of suicide (Fig. 66; refs. 
505 and 506). The most frequent method involves connection of the exhaust pipe to the 
interior of the vehicle using some type of tubing (491,494,507). The tube is inserted 
through one of the windows and the opening sealed. The vehicle can be in the open or 
in a garage (Fig. 66; refs. 494 and 507). Vehicle doors may be locked and sealed with 
tape (507). A suicide note may be present (494). The car motor can be still idling when 
the victim is found. The ignition may be on, but the motor can stop from either lack of 
fuel or cessation of gasoline combustion resulting from O, depletion in a closed envi- 
ronment (474,490,494,507,508). Unusual settings have been described (e.g., ignition 
off, automobile in garage and not running, victim with keys in the closed trunk /509/). 
Victims of suicide have been observed lying in the open or an enclosed area, close to 
the automobile exhaust with or without a hose connected to the exhaust pipe (Fig. 66; 
refs. 488 and 5/0). 
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Suicide by inhalation of coal gas, supplied to home gas appliances, was observed 
in the past but has decreased with the conversion to natural gas (methane) 
(464,471,490,494,505,511—513). “Cleaner” fuels (propane, methane) i.e., those undergo- 
ing more complete combustion, can still cause CO poisoning (468). Features described 
with coal gas suicides include proximity of victim to gas appliance or to a hose attached 
to a gas fixture (e.g., in kitchen), an airtight room, the smell of gas, or an explosion. 

The majority of unintentional nonfire-related deaths in one series was caused by 
motor vehicle exhaust, mainly from defective stationary vehicles (458,468). CO poison- 
ing accounts for fewer than 1% of all motor vehicle deaths (5/4). Among the defects 
described in CO poisoning deaths involving motor vehicles have been design flaws and rust 
perforation of the exhaust system and holes in the floor of the passenger compartment, 
fender panels, or trunk (463,468,515). Scenarios include sleeping in a vehicle, couples 
parking, warming up a car, and fixing a car in an enclosed space (5/4,5/5). Windows 
can be partly open (up to 10 cm or 4 in. /5/5/). Vehicles can be idling in open garages 
(477,515). Inspection of the vehicle reveals the ignition, the heater, or air conditioner is 
on, the gas gauge empty, and the battery dead. Less common accidental CO-related 
fatalities involving motorized vehicles have been described: 


Car washes (car idling with doors closed because of cold weather); indoor gasoline- 
powered pressure washer (516,517). 

Gasoline-powered equipment at indoor sporting events, enclosed workspaces 
(463,465,518,519). 

Working or living quarters adjacent to garages (463,477). 

Car exhaust fumes distributed in dwelling by forced-air furnace (520). 

Muffler submerged in mud with CO seeping through rusted floor boards (5/5,52/). 
Car exhaust pipe plugged with snow (515,522,523). 

Swimmer becoming overcome by fumes emitted at water level by an idling boat engine 
(521). 

Boats with enclosed cabins (524). 

Children in rear of pickup trucks covered by canopies or tarpaulins (525). 


Malfunctioning heating systems (e.g., blocked chimney) using combustible fuels 
can cause fatal CO poisoning (463,465,475,477,494,504,520,526,527). Inspection of 
the scene is necessary to determine the CO level in the atmosphere, malfunction of the 
heating system, and the presence of working CO detectors (463,480,494,504,520). 
Unintentional deaths typically occur in the winter months (458,477,515,528,529). An 
Austrian study of CO-related deaths showed that more than half of unintentional cases 
occurred in people over age 60 (504). The overuse of flueless gas-fueled water heating 
appliances during the cold months was a major factor. Power outages have been associ- 
ated with clusters of CO-related deaths as a result of the use of a fuel-burning heating 
or cooking device as an alternative source of heat in an enclosed space (461,463, 
465,468,528,530,531). Other appliances (e.g., air-conditioning unit, electrical heater) 
have been described in CO deaths (463,465,468,469,494). 

Because of the varied physical effects of low-level CO exposure, poisoning is not 
always obvious in nonfire-related deaths (46/). The symptoms, signs, and prognosis of 
acute poisoning, presenting in a clinical setting, only approximate COHb levels (Table 4; 
refs. 461, 463-465, 467, 471, 472, 475, 483, 498, and 532). Even individuals exposed 
in the same incident can have varying responses (467). The physiological effects are not 
as intense if COHb concentration is attained gradually (460,520). Furthermore, the role 
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of CO in a death can be missed when the scene and circumstances are not suggestive 
(468,527,533). Symptoms are nonspecific and mimic other conditions—e.g., nausea 
and vomiting, chest pain, altered consciousness, agitation, and confusion (461,465, 
471,475,481,495,503,534). Neurological symptoms are caused by occult CO exposure 
(535). Relative tissue hypoxia results in reflex vasodilation and increased cerebral blood 
flow, leading to headache (“winter headache” /475,495,536/). In three case series, the 
most frequent acute symptoms were headache (91%), dizziness (77%), weakness 
(53%), nausea (47%), and confusion or difficulty concentrating (43%; refs. 465, 468, 
and 459). Seizures are possible. Because flu and CO poisoning both peak in winter, the 
chance of misdiagnosis increases (463). Suspicions should be aroused when more than 
one individual in a particular enclosed site is sick or dead (489,537,538). Failure to 
diagnose CO poisoning means its source remains undiscovered, increasing the risk of 
death for not only the victim who returns to that environment but also for others pres- 
ent (461,465,468,495). 

Homicidal CO poisoning is rare (e.g., exhaust fumes used to poison an immobi- 
lized person /458,490/). A victim of CO poisoning can be placed in a bed to simulate a 
natural death (490). 


3.9.2. External Examination 


CO causes vasodilation (482,500). Red lividity is enhanced by congestion of 
superficial cutaneous vessels (ref. 539; see Chapter 2, Subheading 3.2.). Problems dis- 
cerning and interpreting lividity arise in dark-pigmented, decomposed, and refrigerated 
bodies (469,490,540). In dark-skinned individuals, fingernail beds can be examined. 

“Cherry-red” discoloration is variably observed in the clinical setting, which 
reflects the observer’s visual acuity and experience, and the fact that lower COHb con- 
centrations are usually encountered (461,471,451,500). Cyanosis is more likely (46/, 
532). Congestion of deeper vessels by COHb causes the skin to appear cyanotic (539). 
An individual in a cold environment who succumbs to CO vasoconstricts superficial skin 
vessels, resulting in sequestration of CO-saturated blood in deeper tissues (540). At the 
scene, failure to examine the entire body and poor lighting means missing the diagnosis 
(490). The characteristic red lividity of CO poisoning is usually associated with a COHb 
level greater than 30%; however, some cases with a COHb level up to 80% do not show 
this finding (/ 7,533,540). One study showed that about 98% of unintentional CO-related 
deaths had typical lividity (533). Three victims without red livor had COHb levels of 18, 
28, and 31%, respectively. Coroners recognized only 61% of deaths at the scenes as CO- 
related, based on the color of the lividity. The older the victim, the worse the recognition 
(>80 yr, 59% unrecognized, compared with 19% for individuals aged 21 to 30 yr). 

Erythematous lesions and bullae have developed in hospitalized patients either on 
bony pressure points or in noncompressed areas (465,4685,541,542). Microscopic exam- 
ination shows vesicle formation within and under the epidermis, and sweat gland 
necrosis (465,468,539,542). 


3.9.3. Internal Examination 


Serosal surfaces, blood, and organs appear “cherry-pink” (Fig. 67; refs. 490 and 
540). This is useful if cutaneous lividity cannot be assessed (540). Formalin fixative 
turns bright red when exposed to tissues in cases of CO asphyxia (Fig. 67) (490,540). 
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Fig. 67. Carbon monoxide poisoning. (A) Bright red discoloration of pleural lining in a 
dark-skinned individual (courtesy of the Office of the Chief Medical Examiner, Chapel 
Hill, NC. (B) Formalin-fixed stock autopsy tissue. Bright red fixative owing to carbon 
monoxide in jar on left side. (See Companion CD for color version of this figure). 


Pathological changes from CO poisoning are seen in hospitalized patients and 
long-term survivors. Lesions in the heart vary from petechial hemorrhages to myocar- 
dial necrosis (496). Rhabdomyolysis from the direct toxic effects of CO and prolonged 
immobility lead to renal failure (see Chapter 8, Heading 13. and refs. 465, 479, and 
543-545). Neuronal hypoxic injury is most pronounced in the deep gray matter, usually 
in a symmetrical distribution, and although not pathognomonic, may be the only indi- 
cation of previous CO-related brain injury (465,479,490,546,547). Widespread hypoxic 
neuronal degeneration and cerebral white matter degeneration also occur (546-548). 
Delayed neurological and psychiatric symptoms can develop following a period of ini- 
tial improvement (462,463,475,483,500,546,548,549). 


3.9.4. Toxicology 


Whole blood samples, either venous or arterial, collected at autopsy must be pre- 
served with sodium fluoride and refrigerated (460,46/). COHb is stable with proper 
preservation but can be altered by bacterial metabolism during decomposition 
(460,520,550,551). There is no difference in COHb levels in heart compared with 
peripheral blood; however, a difference greater than 50% (i.e., heart:peripheral = 1.5:1) 
could reflect a short survival interval and a lack of equilibration in the circulation 
(474,552). Spleen specimens have been a substitute for blood if it is unavailable, and 
high splenic COHb levels do correlate with blood concentrations (553). Liver tissue has 
been used, and a positive result is possible even if there has been resuscitation 
(474,552,554). 

A range of COHb in certain types of acute CO poisonings has been observed: 

e¢ Automobile exhaust fatalities (460,494). 

o COHb range: 48-93% (average 72%); 74% average (in open); 77% average (in 
garage) 
e Accidental: more than 30% (5/5). 
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° 


Ethanol can be a factor in unintentional CO deaths (575,529). Ethanol can potentiate 
the effects of CO such that lower levels of COHb are associated with fatality (see 
Chapter 4, Subheading 4.1. and ref. 520). In a Danish study, the blood alcohol con- 
centration averaged about 190—200 mg/dL in domestic fires, and the mean COHb was 
about 60% (494). In contrast, suicides by CO from car exhaust fumes had an average 
COHb of 77% and blood alcohol concentration of 80 mg/dL. CNS depressants can 
also interfere with mental and physical abilities (5/6). 
Fire fatalities (see Chapter 4, Subheading 4.1. and refs. 460, 480, 494, and 520). 
o COHb range: 25 to 85% (average 59%); 53% average (charred); 63% average 
(uncharred); 3 to 94% in another study. 
Confined spaces (see Subheading 3.10. and refs. 494 and 520). 
e COHb range 7 to 77% (13 victims, faulty heating systems); 68% average (103 gas 
suicides); 72% average (19 victims, malfunctioning gas appliances). 
¢ Open spaces (5/0). 
e COHb range: 79%, 81%, 58% (3 suicide victims lying in proximity to automobile 
exhaust). 
o CO has about the same density (0.968) as air and pockets can form (460,475). 
e Elderly victims. 
° One study of unintentional CO deaths showed that the older the victim, the lower the 
COHb concentration (533). In a Danish study, accidental deaths of victims ranging 
from 64 to 90 yr of age had average COHb of 49% (494). 

Most cases of suicide by automobile exhaust inhalation are self-evident, but CO 
poisoning is not always confirmed by toxicological testing (474,490,551). Exhaust 
tailpipe CO concentration ranges up to 7% in older vehicles (462,465,507). Catalytic 
converters reduce CO emission up to 90% (<0.5% CO [491,508,555—557/]). Although 
COHb is low (<10%) when there is a catalytic convertor, asphyxia results from increased 
CO, and decreased O, in the confined space of the vehicle (458,491,493,508). Elevated 
CO levels are possible in vehicles with catalytic convertors if either the engine is started 
cold or the converter is not functioning well (49/). COHb saturation can be low because 
of a survival period prior to discovery. A suicide victim found in a car with a vacuum 
cleaner hose connected to the exhaust had a COHb lower than 5% (474). The hose had 
become detached from the pipe. Hypoxic changes were seen in the brain and had devel- 
oped over the 2 to 3 d the victim lay in a coma before being discovered. A vehicle 
engine can run out of gas before causing death. The amount of generated CO can be 
enough for sublethal hypoxic brain damage. 


3.10. Confined Space 


A confined space is an enclosure with limited entry and exit. It has the potential 
for dangerous atmospheric contamination because of poor ventilation, and is not 
intended for continuous occupancy (e.g., tank, sewer, silo /55S—560/). Such a space 
may require periodic inspection, maintenance, repair, or cleaning (560). A confined 
space also can have an open top and be of sufficient depth to restrict ventilation (e.g., 
pit, trench /558/). The typical scenario is that a worker enters the space, is overcome, 
and dies. Another worker, who attempts rescue, also collapses (560-562). 

Room air typically contains 20.9% O,, 79% nitrogen, and 0.1% CO,, water vapor, 
and other inert gases (2,499,563). Contamination of the confined space atmosphere 
includes, but is not restricted to, any combination of O,, depletion (asphyxiating), presence 
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Fig. 68. Child trapped in a toolbox. (Courtesy of the Office of the Chief Medical Examiner, 
Chapel Hill, NC.) 


of explosive, flammable substances (flammable), irritant and corrosive chemicals (irritant 
and corrosive), and adverse concentrations of toxic substances (toxic /558,559,563 /). 
Features of a confined space atmosphere that are immediately dangerous to life have been 
defined: an O,, concentration of 16% or less; a minimum flammability level concentration 
of a combustible gas or vapor that will ignite if an ignition source is present; and a con- 
centration of the toxic substance, immediately dangerous to life (269,559,563—566). 
Irritant or corrosive substances can affect the respiratory system alone (e.g., ammonia) or 
have combined respiratory/systemic effects (e.g., benzene /558/). Lack of O, is the most 
common cause of death (560). A level of O, less than 5 to 10% is incompatible with life 
resulting in death within minutes (see Chapter 4, Subheading 4.1.). Breathing gas lacking 
O, causes unconsciousness in seconds (567). Breathing ceases, but cardiac output can 
continue for a short time (567). If the fall in respired O, happens slowly, the victim 
experiences fatigue and is unable to escape (567). 

The lethal level of CO, is above 10% (2,493,499,562,564,566,568,569). CO, is 
1.5 times heavier than air and can “pocket” (2,269). CO, not only asphyxiates, but also 
causes acidosis (2,499). CO, is fatal even when atmospheric O, is normal (2,570). An 
atmospheric concentration of 30% causes unconsciousness in seconds to minutes (568). 
At high levels, CO, induces narcosis (568). 

Zugibe et al. defined confined space—hypoxia syndrome as a confined space death 
owing to an oxygen-deficient environment (Fig. 68) (559,564). Decreased atmospheric 
oxygen can result from consumption by microorganisms, work-related activities (e.g., 
welding), chemical reactions (e.g., rust), absorption by agents stored in tanks (e.g., acti- 
vated charcoal), and displacement by another minimally toxic gas (e.g., propane, nitrogen, 
methane accumulation in a silo or sewer /2,269,558,560,563,564,567,571]). The displac- 
ing gas can also be toxic (e.g., CO generation from microbiological breakdown of organic 
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matter, release of hydrogen sulfide during removal of putrefied organic material and 
industrial waste /558,561,572,573]). Some gases that displace O, (e.g., propane) have 
CNS depressant effects at high atmospheric concentrations and lead to cardiac arrest 
(311). Mechanical hazards (e.g., machinery), adverse thermal conditions (hypothermia, 
hyperthermia), and falling objects pose additional threats in confined spaces (558,563). 
Workers trapped in cave-ins can be covered and suffocated (see Subheading 3.8.1. and ref. 
574). Cases of children trapped in refrigerators has been described (48, / 14,116). 
Atmospheric testing for noxious gases and O, levels at the death scene and post- 
mortem analysis of blood and other tissues must be done (269,561,562,564,572,575). 
Scene simulations may be required (2). Airtight metal containers are used to collect lung 
tissue (3). CO, is elevated normally in postmortem blood and cannot be tested. 
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Chapter 4 


Thermal Injury 


Summary 


Trauma from fires, electrical sources, and blasts is manifest as thermal injury. Explosions can also 
indirectly injure the body (“blast effects”). All manners of death are possible in cases of thermal 
injury. Victims—dead at the scene—can sustain highly destructive trauma (e.g., charring, dismem- 
berment), presenting a daunting challenge to the pathologist in determining identification and cause 
of death, collecting evidence, and distinguishing antemortem injury from postmortem thermal arti- 
fact. Survivors who die in the hospital succumb to a host of complications. These delayed deaths 
exemplify the concept of “immediate” and “proximate” cause of death. 


Key Words: Burns; fires; smoke inhalation injury; carbon monoxide; electric injuries; lightning; 
explosions; blast injuries. 


1. CIRCUMSTANCES OF FIRE 


Flame injury is the most common type of burn faced by a pathologist (/—3). All 
manners of death are possible. Determination of the cause and manner of death requires 
integration of scene findings and other information provided by fire investigators and 
police with postmortem findings and ancillary toxicological and chemical testing (4). 

Residential fires accounted for three-fourths of fire deaths in a North Carolina 
study (5). Two-thirds of the victims were male, and almost half were home alone. 
Many victims were either younger than 5 yr old or older than 64 yr (5). Accidents 
involve smoking in bed, using faulty heating equipment, cooking, and playing with fire 
(2,6,7). Predisposing factors for adult victims include alcoholism, senility, psychiatric 
disorders, and neurological disease (see Chapter 3, Subheading 3.9.; Heading 4., and 
refs. 5 and 8). Several studies have shown that smoke detectors were either lacking or 
faulty in a significant number of cases (6,7,9). Although smoke detectors reduce the 
risk of death, one study showed their lack of efficacy in play-related fires involving 
children (5,6,/0). This could be because of this type of fire originating away from a 
smoke detector (e.g., bedroom), victims hiding after the fires started, and a lack of 
adult supervision (6,//,/2). 
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The majority of work-related burn injuries occur in male victims (/3—/5). The 
highest proportion (about one-fourth) of fatal thermal burns in a US study was seen in 
the transportation and public utilities industries (/5). The large majority of transporta- 
tion deaths were in truck drivers involved in motor vehicle crashes (/5). Burn mortality 
was highest in workers aged 65 yr and over. Deterioration of reaction time and other 
physical abilities, combined with disease and medication use, makes older workers 
more susceptible to trauma (/5). 

Fire is used as a means of suicide, either by self-immolation or by setting a fire in 
a dwelling. The scene of self-immolation is usually familiar, but remote locations may 
be chosen (/6—/9). The scene can be a public place (/7,20). Self-immolation occurs in 
the setting of motor vehicles (Fig. 1; refs. /7 and /8). A review of clinical and forensic 
series of self-immolation cases showed a male predominance in most European coun- 
tries and the Far East, but an increased frequency in women in the Middle East and India 
(21). In some jurisdictions, self-immolation comprises about 1% of all suicides (17,18). 
A psychiatric illness is documented in many of victims, but some European and North 
American studies have shown no history in about half of cases (/7,/8,21—23). There can 
be a history of past or recent suicide attempts, including burning (/7,/5). The motiva- 
tion is similar to other types of suicide (/7,/5,21,24). Traditional marriage and hierar- 
chal social structure can compel women in certain countries (e.g., India) to self-immolate 
(25,26). Religious reasons and political protest are other motivating factors (/7,/8,2/). 
The latter attracts media attention, leading others to commit suicide by similar means 
(16,/8). For an institutionalized person, access to fire (e.g., matches) may be the only 
means available for committing suicide (/6,/5). Concurrent trauma (“complex sui- 
cides”) may be observed (e.g., blunt trauma from a fall, gunshot wound to the head, 
hanging, stab wounds) and arouses suspicion (Fig. 2; refs. /6, 18, 27, and 28). Findings 
on external examination can be unusual (e.g., rag stuffed in mouth to stifle screams, arms 
of victim wired to steering wheel to prevent escape; see Fig. 1 and ref. 7S). Accelerants 
are commonly used (see Subheading 4.2. and refs. 18 and 2/). 

Fires are set deliberately for other reasons (e.g., pyromania, vandalism, revenge, 
extortion, fraud /4/). Homicides can masquerade as accidental fires (see Fig. 3; refs. 4 
and 29; and Subheading 4.1.). 

Natural deaths occur prior to or during a fire. 


2. THE FIRE 


The starting of a fire depends on an ignition source, a sufficient quantity of flam- 
mable material near the source, and an adequate oxygen (O,) supply (4,30). Combustion 
raises the temperature and produces a visible glow or flame (3/). Temperatures higher 
than 150°C (300°F) are reached in building fires within 5 to 10 min (32). In close con- 
fines (e.g., an aircraft cabin), a rapidly fatal temperature of about 250°C (480°F) occurs 
in 5 to 6 min (33). If a door is opened or the integrity of an enclosed structure is 
breached by heat, then the sudden introduction of 0; leads to flashover, i.e., a sudden 
burst of flame as the spontaneous ignition temperature of gases and other combustion 
products is reached (33). Flashover is likely above 650°C (1200°F /33/). Temperatures 
higher than 1000°C (1832°F) happen within minutes when an airplane occupant com- 
partment is compromised (33). Temperatures in car fires can be up to 1100°C (1980°FP), 
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Fig. 1. Cases of suicides by fire (self-immolation). Victims alive during fire (smoke 
inhalation and elevated carboxyhemoglobin). (A) Found under hood of burned vehicle 
in remote area. (B) Manacled (arrow) to steering wheel. (Reprinted, with permission, 
from ref. 78 and the Journal of Forensic Sciences, copyright ASTM International, West 
Conshohocken, PA.) 


particularly if fuel is present ( ). Radiating heat in a high-temperature fire (up to 
980°C or 1800°F) in an enclosed space can spontaneously ignite furniture (4). 
Initially, carbon-containing materials are oxidized to carbon dioxide, and carbon 
monoxide (CO) production is low (see Chapter 3, Subheading 3.9. and ref. 3/). Pyrolysis 
is the decomposition of a substance under the influence of heat and does not require a 
normal atmospheric level of O, (“incomplete combustion” /3//). Because the O, sup- 
ply is consumed and not readily replenished in a poorly ventilated space, pyrolysis leads 
to the production of smoke (airborne particles) admixed with toxic gases, such as CO 
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Fig. 2. Fatal house fire. Self-inflicted nonfatal abdominal wound (arrow). Smoke inhalation 
and elevated carboxyhemoglobin (39%). Extensive burns. 


Fig. 3. Dead prior to fire. Apparent accidental car fire concealing a homicide. No evi- 
dence of smoke and carbon monoxide inhalation. (A) Radiograph of skull. Multiple bul- 
let fragments. (B) Top of skull burnt and missing. Probe inserted through gunshot hole in 
base of skull showing track to recovery site of largest bullet fragment (courtesy of the 
Office of Chief Medical Examiner, Chapel Hill, NC). 
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(30,31,33,37). If flashover occurs, pyrolysis yields chemically unstable complex com- 
pounds, and CO production increases (3/,33). 


3. DEAD AT THE SCENE 
3.1. State of the Body 


The state of a body found dead at the scene of a fire varies. The body can be rel- 
atively undamaged. Areas of the body covered by clothes are relatively protected, and 
only exposed areas are covered by soot. Burns have been classified as first-degree or 
superficial partial thickness (reddening or erythema); second-degree or deep partial 
thickness (i.e., extending deeper into the dermis and characterized by blisters); and 
third-degree or full thickness (i.e., necrosis of epidermis and entire thickness of dermis, 
imparting a leathery appearance; see Heading 6. and ref. 38). Extensive charring and 
disintegration of the body occurs (39). This loss of bodily integrity can be exacerbated 
by fire department personnel at the scene, particularly if the body is “unrecognizable” 
and its presence is not appreciated during fire suppression. 

In studies of undissected bodies of elderly individuals cremated at temperatures 
between 670°C and 810°C (1240°F and 1490°F), the degree of destruction was related to 
the duration of cremation (35,40,4/). After about 10 min, the bodies showed a “pugilistic” 
posture resulting from heat contraction of the more bulky flexor muscles (Fig. 4). Charring 
of the face and extremities occurred by about 20 min. After 20 min, fissures appeared on 
the exposed outer table of the skull. The coronal or sagittal suture separated owing to 
increased intracranial pressure from steam (34). The skin of the head, torso, and extremi- 
ties was consumed, resulting in charring of the underlying exposed muscle. Bones of the 
extremities became visible. The hands were either destroyed or severely burned and con- 
nected to the arms only by charred soft tissue. At approx 30 min, fractures had widened in 
the calvartum and extended to the inner table. In some cases, the outer table had disinte- 
grated into fragments (34,35). At this point, the brain was superficially charred. The tho- 
racic and abdominal cavities were open, with destruction of the sternum and calcination of 
the anterior rib ends. As a result, internal organs were charred and shrunken. The distal fore- 
arms were destroyed, and soft tissue was largely absent from the distal lower extremities. 
Exposed long bones displayed heat fractures. After 40 min, the calvarium was destroyed 
and the facial bones fragmented. The lower arms were destroyed and the humeri were 
exposed. After 50 min, the arms were completely gone and the femoral bones reduced to 
burned bone stumps. The face had disintegrated, and the base of the skull was exposed. The 
vertebral bodies were calcined. After 60 min, only central facial bones and skull base 
remained, and, in some instances, the torso was headless. The internal organs were reduced 
to ash. The extremities were completely gone. By 1.5 h, the torso had fragmented. Almost 
complete incineration occurred after 2 to 3 h of cremation (Fig. 5). The body of a child can 
be reduced to calcined bone within 2 h in a heated stove at a temperature of about 500°C 
(930°F /36/). Clothes burn when temperatures reach 225°C (440°F /4/). 

Temperatures in residential fires can approach those reached in crematory ovens, 
but complete charring is unusual in outdoor or house fires (35,36). Intervention by fire- 
fighting personnel and lack of sufficient fuel to maintain the fire mean that most fires 
are not of sufficient duration to allow complete consumption of the body (35,36). The 
implication for the pathologist is that, in most cases, the necessary steps for identification, 
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Fig. 4. Burn artifacts. (A) Flexed arm owing to heat effects. Skin splits on scalp (arrow; 
courtesy of the Office of the Chief Medical Examiner, Chapel Hill, NC). (B) Another exam- 
ple of heat flexion of arm and skin splits on chest (courtesy of Dr. E. Tweedie, London 
Health Sciences Centre, London, Ontario, Canada). 


examination of internal organs and tissues to assess the presence of disease and injury, 
and the collection of body fluids for toxicological analysis are possible ( ; ref. 40). 
Unlike a cremation oven, where flame is distributed continuously and evenly on the 
body under constant conditions, temperatures in a typical fire fluctuate and parts of the 
body not directly exposed to flame (e.g., pressed against a hard surface), are relatively 
protected ( ). In most cases, charring is much less on the side of the body not 
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Fig. 5. Examples of severely charred bodies. (A) Charred torso. Despite the extensive burn- 
ing, internal organs were relatively preserved and toxicology samples obtained (courtesy 
of the Office of the Chief Medical Examiner, Chapel Hill, NC). (B) Calcined remains (cour- 
tesy of the Office of the Chief Medical Examiner, Chapel Hill, NC). 


exposed to the fire; however, in some cases, complete charring still occurs (40,42). 
Clothed bodies can be destroyed more quickly than naked ones (43). 

In some cases, the pattern of charring reverses, i.e., there is destruction of the torso 
with relative preservation of the extremities (43,44). Because there is usually minimal 
fire damage to the surroundings, speculation has arisen about “spontaneous human 
combustion” (43-45). Typical victims are overweight elderly females (43). These indi- 
viduals collapse from a disease process, and they are found close to usually obvious 
external ignition sources (e.g., cigarettes, open fireplaces, candles, stoves, room heaters; 
see Subheading 4.1. and refs. 43 and 45). If burning of clothing or fabrics near the body 
(e.g., carpet) occurs for at least 15 min, then splitting of skin allows release of melted 
subcutaneous fat (44). Fat is the most combustible tissue (43). If the fat is absorbed into 
porous fabric, which acts like a wick, then flame can persist (44-46). Such fires are 
unlikely to exhaust O, present in a room and do not produce enough heat to ignite adja- 
cent combustible structures by radiant heat (44). Although human fat burns at about 
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Fig. 6. Identification of fire victims. (A) Soot-covered skin can be wiped off to reveal dis- 
tinguishing features (e.g., tattoo). (B) Partly burned body. Draining cutaneous sinus (arrow) 
because of osteomyelitis, a consistency with the medical history. 


250°C (480°), the wick effect allows burning of fat at temperatures as low as 24°C 
(75°F [45/]). The distal limbs, because they contain less fat compared with the obese 
torso of these victims, do not burn, while the torso smolders (44). 


3.2. Identification 


The circumstances of many fires (e.g., known occupants of a residence) help direct 
the identification of the victims. If a recovered body is covered by soot and not severely 
burned, soot can be cleaned to allow visual recognition of the face and other external 
features ( ). Clothing and personal effects, if not burned, can assist in identification 
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Fig. 7. Charred body. Motor vehicle collision and fire. Identification by personal effects. (A) 
Left ear. Earring not seen because of charring. (B) Radiograph shows distinctive earrings. 


Fig. 8. Color of hair changed by singeing. (See Companion CD for color version of this figure.) 


(Fig. 7). Charring obliterates identifying external features. Height reduction caused by 
heat contraction means that this feature is inaccurate for identification. Hair color 
changes also affect identification (Fig. 8). Spitz observed gray hair changing to brassy 
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Fig. 9. Charred body. Finger amputated during autopsy for the purpose of fingerprinting. 


blond at about 120°C (250°F /47/). After 10 to 15 min at 205°C (400°F), brown hair 
acquired a slight reddish hue. Black hair did not change color (47). 

Comparative means of identification are used. A clenched hand resulting from heat 
contracture preserves fingerprints (Fig. 9). If there is tentative identification, any available 
dental and medical records must be obtained by investigators (Fig. 10). The utility of 
these records depends on their specificity and accuracy (48). Identification is one role 
of the radiological examination of a charred body (e.g., evidence of prior surgery, old 
fracture; (see Subheading 4.3.). If exact matching of antemortem and postmortem infor- 
mation is not possible, then consistencies can still be confirmed by the pathologist and 
other experts involved (Figs. 6, 11, and 12). If conventional comparison methods are not 
possible, teeth or bone can be used for DNA analysis (48). 


3.3. Burn Artifacts 


During burning, changes occur that can mimic trauma and hinder identification 
(see Subheading 3.2.): 


Remnants of clothing around neck mimic ligature strangulation (Fig. 13). 

“Pugilistic posture” owing to muscle contraction from heat suggests “fight or flight” 
(Fig. 4). 

Splitting of skin and exposure of subcutaneum suggests incised wounds (see Fig. 4 and 
ref. 40). 

Heat blisters can form. They are either intact or open. A dried open area turns yellow to 
dark brown. These blisters are not necessarily a sign of vitality. Accelerants (kerosene, 
gasoline) can accentuate blister formation and skin slippage (49). 
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Fig. 10. Charred body. Teeth are protected from and more resistant to burning. (Courtesy 
of the Office of the Chief Medical Examiner, Chapel Hill, NC.) 


Fig. 11. Charred body. Chest radiograph shows healed clavicle fracture (arrow). If ante- 
mortem radiographs have been disposed, and are not available for comparison, then a 
medical history of this injury still provides an identification consistency. (Courtesy of the 
Office of the Chief Medical Examiner, Chapel Hill, NC.) 
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Fig. 12. Charred body recovered from car fire. The only identifying feature described was 
a “webbed” toe. (A) Right forefoot. Presumed partial syndactyly between second and third 
toes (arrow). (B) Longitudinal autopsy cuts through web spaces. Upper section: fold of skin 
indicating partial syndactyly (arrow). Lower section: uninvolved web space (arrowhead). 
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Fig. 13. Burned necktie appearing as a ligature. 


A “red line” at the periphery of severely burned or charred skin mimics inflammation 
and suggests the victim was alive when the burns occurred (Fig. 14). Microscopic 
examination shows subepidermal blood. 

Heat fractures are not associated with soft tissue hemorrhage (49). Heat amputation of 
distal extremities is recognized by the presence of charring at the distal ends of the 
affected bones (Fig. 15). Similarly, charred skull fracture edges are indicative of heat 
effects. Heat fractures in the extremities are thought to arise from muscle shrinkage (47). 
Burning of the outer table reduces the strength of the bone. Heat-induced skull fractures 
are caused either by an increase in intracranial pressure caused by steam (“blow-out” frac- 
ture, i.e., fragments displaced outward) or desiccation of the outer table of the cranium 
(34,50). Heat effects can cause round holes in the skull suggesting a gunshot wound 
(Fig. 16 /50/). Herniation of cerebral tissue through the fracture defects can be seen (5/). 
Observations regarding heat-induced skull fracture are contradictory. Fracture lines radi- 
ating from a skull defect are supposed to indicate a true injury (36). Calvarial heat frac- 
tures have been described as elliptical or circular without radiating fracture lines (cited in 
refs. 34 and 35). In contrast, Spitz observed several fracture lines radiating from a com- 
mon center in burned skulls (47). A heat fracture of the calvarium is usually located above 
the temple and sometimes bilateral (47). These fractures are rarely limited to the external 
table (47). Cranial sutures tend not to burst even in a young individual; however, bursting 
of the coronal or sagittal suture was observed in a series of cremations (34,47). 
Disintegration of a burned body during extinguishing of fire by either rapid cooling of 
heated remains or disruption by water under high pressure hinders the assessment of 
trauma (48). 

Epidural hemorrhage, usually bilateral and associated with charring of the scalp and 
calvarium, is not the result of trauma (see refs. 42 and 49 and Fig. 17). 
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Fig. 14. “Red” line (arrows) at the edge between burned and unburned skin. (See Companion 
CD for color version of this figure.) 


e Shrunken, firm, yellow or light brown discolored (“‘cooked’’) brain is a heat artifact (47). 

e Apparent exsanguination from the nostrils and mouth is observed as heat forces blood 
from the lungs into the airways (see Subheading 4.1., and ref. 47). 

¢ Introduction of soot into the trachea, either during incision of the charred neck at 
autopsy or by disintegration from burning, gives the false impression of smoke inhala- 
tion (52). 

e Treatment artifacts (see Subheading 5.2., Table 1). 


4, INCAPACITATION AND LETHALITY DURING A FIRE 


4.1. Vitality of the Body (“Was the Victim Dead Prior to or During 
the Fire?’’) 


The lethality of fires involves different mechanisms: reduction of environmental 
O,, an increase in CO and other toxic gases, inhalational injury owing to smoke and 
heat, extreme heat and shock, burns, other types of trauma (e.g., blunt injuries sustained 
in an attempt at escape), and exacerbation of disease (32,37,52). In rare cases, impair- 
ment of breathing by tightening of the thorax or neck owing to heat effects has been pro- 
posed (52). Heat and toxic fumes are main causes of death during a fire (49). 

Temperatures higher than 150°C (300°F) cause loss of consciousness or death 
within several minutes (32). Higher temperatures cause immediate death (32). A 
flashover or explosion can engulf a victim (4,32). Rapid death means that a victim inhales 
little, if any, combustion and pyrolysis products. Smoke- or heat-induced laryngospasm, 
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A. 


Fig. 15. Burn artifact. (A) Charred ends of bones (heat fractures). (B) Amputation of lower 
extremities due to heat fractures. (Courtesy of Dr. E. Tweedie, London Health Sciences 
Centre, London, Ontario, Canada.) 


respiratory arrest, and/or a vagal reflex-caused cardiac arrest are proposed mechanisms 
of rapid death during a fire ( ). 

Within a minute, smoke causes incapacitation as a result of coughing, eye irrita- 
tion, reduced visibility, and disorientation (4,3 ). An unimpaired individual usually 
attempts to extinguish the fire, warn others, and escape, but this is hindered by the 
effects of the smoke ( ). Spreading smoke forms a hot layer at ceiling level and 
then descends rapidly (37). The smoke is relatively low in O, and if the O, level is below 
7%, then incapacitation occurs rapidly (see Chapter 3, Subheading 3.10. and ref. 37). If 


196 The Forensic Pathology of Trauma 


Fig. 16. Artifactual hole through calvarium of a charred skull. A radiograph showed no 
projectile. Internal examination did not reveal craniocerebral trauma. 


Fig. 17. Charred bodies. (A) Epidural “hematoma” seen on removal of the calvarium. 
(Courtesy of the Office of the Chief Medical Examiner, Chapel Hill, NC.) (B) Bilateral epidural 
“hematoma” on undersurface of removed calvarium. 


the individual crawls along the floor, the effects of smoke are delayed (37). Suffocation 
is expected when the O, concentration falls to 10%, but levels in fires usually are not 


below 15%. At this point, a fire smolders ( ). If there is flame evident, there is usu- 
ally enough O, for individuals to breathe (42). 
Away from the fire, heat effects and O, depletion are less important ( ). The 


initial generation of carbon dioxide in a fire stimulates respiration, increasing the inhalation 
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of other toxic gases (32). Inhalation of these gases, particularly CO, causes death 
(33,37). The amount of CO produced in a fire is variable, ranging from 0.1 to 10% in 
the fire atmosphere (see Chapter 3, Subheading 3.9.1., and refs 4 and 33). At high con- 
centrations, death occurs quickly (33). At lower concentrations, victims can be active 
(33). CO can cause strange behavior (e.g., running back into the fire to save an imag- 
ined victim; hiding in a closet, under a bed; or in a bathtub /4/). Increased CO is inhaled 
when respiratory efforts increase during physical exertion (see Chapter 3, Subheading 
3.9. and ref. 33). The higher O, demands created by exertion can cause death at a lower 
carboxyhemoglobin (COHb) saturation than in subjects at rest (37). Mental and muscu- 
lar performance deteriorate at a COHb of 30%, and fainting can occur (see Chapter 3, 
Table 4; and ref. 37). Victims can continue to inhale CO even when they are incapaci- 
tated (33). 

Low levels of CO in victims away from the origin of the fire raises the possibil- 
ity of inhalation of other toxic gases (37,54). COHb levels are generally higher in 
nonfire deaths, suggesting that other toxic factors play a role in fires (see Chapter 3, 
Subheading 3.9.4.; and ref. 37). Cyanide (CN) causes more rapid incapacitation than 
CO (33,37). Its rapid absorption and respiratory depressant effect may limit CO uptake 
(37). CN is generated from burning materials containing nitrogen compounds (e.g., 
polyurethane in vinyl, wool, nylon, urea formaldehyde /4,37/). Toxicity results from 
the inhibition of oxidation of reduced cytochrome a3 in the mitochondrial respira- 
tory chain (55). CN stimulates breathing, which increases inhalation of other toxic 
gases (30). Various studies have shown no synergistic additive effects of CO and CN 
(30,37,55—58). In one study, there was no indication that certain cofactors — CO, alco- 
hol, age, and heart disease — affect the level of CN reached in the blood of the victim 
(57). In many fire deaths, CO is in the fatal range and CN is not at toxic levels, indi- 
cating that CO poisoning is the more important cause in most fire deaths (58,59). CN 
causes incapacitation at blood concentrations in the range of 50 umol/L (57). In cer- 
tain situations (e.g., burning of nitrogen-containing plastics), CN in the range of 
100 mol/L is life-threatening and victims have relatively low COHb levels (57,58). 
Levels of CN ranging from 1 to 3 mmol/L (1000-3000 Umol/L) are lethal (37). If the 
burning materials contain fluorine, chlorine, or bromine (e.g., polyvinyl chloride, 
flame retardants), their respective hydrogen gases are released. The corrosive effects of 
these gases damage the respiratory mucosa and lead to delayed effects (37). Other irri- 
tants (formaldehyde, acrolein) are also generated (3/). Generation of highly reactive 
free radicals leads to diffuse alveolar damage (33). 

A victim’s level of consciousness and ability to escape are affected by drugs and 
alcohol (4,37). Although intoxication by alcohol or drugs is thought by some to have a 
synergistic effect with CO, impairment of the ability to escape and to assist others is 
more likely (see Chapter 3, Subheading 3.9.4.; and refs. 4 and 59-62). In one study, vic- 
tims found dead in bed and, presumably having made no attempt to escape, had a mean 
blood ethanol level of 268 mg/dL compared with an average of 88 mg/dL in victims 
found near an exit (59). Studies of fatal fires showed that one-third to one-half of 
deceased individuals have ingested alcohol (7,62-65). 

The observations of increased CO (COHb > 10%) and other noxious gases in the 
blood, and soot in the mouth, upper respiratory (“smoke inhalation’), and gastrointestinal 
(GJ) tracts are indicators that an individual was alive during the fire (Fig. 18; refs. 4 and 52). 
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Fig. 18. Victim alive during fire. (A) Soot in larynx and trachea (smoke inhalation). (B) 
Microscopic section, mainstem bronchus. Soot on sloughed respiratory epithelium (H&E, 
original magnification <100). 


A COHb level of 50% or more is considered a cause of death, but an uncritical, rigid adher- 
ence to the requirement that fire victims have high COHb concentrations can be mislead- 
ing (see Chapter 3, Subheading 3.9.4.; and refs. 37 and 66). The majority of fire victims who 
are dead at the scene show some combination of smoke inhalation, elevated COHb levels 
(>10%), and swallowing of soot. The latter tends to be less frequent (about one-third of 
cases in one study /42/). In another study, soot was found in the respiratory tract in about 
three-fourths of fire victims, in the upper GI tract in about half the cases, and COHb con- 
centrations were above 10% in about two-thirds of deaths (52). Soot in the GI tract occurred 
in combination with soot aspiration (52). Many victims with elevated COHb also have aspi- 
rated soot; however, in some, these findings are not found in combination (42,52,67). 

In one study, fire victims had a lethal level of COHb but no respiratory soot (65). 
Half these deaths were in smoldering fires and, in one, an accelerant had been used (65). 
Absence of smoke inhalation has been observed in some smoldering fires (42,68). 
Although soot can be absent and COHb levels low in some suicides by fire, the latter is 
elevated in most cases. Many are not “flash” fires which are associated with low COHb 
levels (69). Lower levels of COHb are seen in suicide victims found outdoors (/7,/8). 
Individuals found in vehicles tend to have higher COHb saturations (/7,/5). Soot is seen 
in cases having slightly elevated COHb (70). This pattern was observed in elderly, help- 
less individuals whose clothes caught fire (52). 
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Fig. 19. Motor vehicle collision and fire. Froth in mouth (arrow)—a sign of pulmonary 
edema and an antemortem reaction in this charred body. Cause of death: craniocerebral 
trauma, carboxyhemoglobin less than 10%. 


Charring of the anterior dentition does not imply that the victim’s lips were volun- 
tarily open at the time of the fire (7/). The presence of copious mucus in the airway indi- 
cates vitality during the fire, even in the absence of an increased COHb (49). Pulmonary 
edema, arising from irritation by smoke, causes foam to be expressed from the nostrils and 
mouth, indicating that the individual was breathing at the time of the fire (Fig. 19; ref. 47). 
In some fire deaths, aspiration of fire extinguisher material or foreign material occurs (72). 

Other possible indicators of vitality during a fire include absence of burns and/or 
soot deposits in the corners of the eyes (“crow’s feet”) and incompletely singed eye- 
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Fig. 20. Inhalation injury. Red mucosa of epiglottis caused by congestion. Soot in airway. 
(See Companion CD for color version of this figure.) 


lashes, suggestive of squinting or closing of the eyes owing to smoke irritation; detach- 
ment of the mucosa of the tracheobronchial tree, pharynx, epiglottis, or esophagus; and 
epiglottic swelling (see Subheading 4.5. and ref. 52). Air is a poor conductor of heat, and 
thermal injury is usually limited to the upper airways. Pulmonary damage arises from 
inhalation of smoke and fumes (49). In one review, heat damage to the upper airway or 
esophagus was present in about half of cases, some of which had soot deposition (Figs. 
20 and 21; ref. 52). Conjunctival and neck muscle hemorrhages have been considered 
vital reactions in burn victims (73). Hemorrhage in the root of the tongue has been 
observed in fatal burns, particularly in victims with lower blood CoHb concentrations 
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Fig. 21. Inhalation injury. (A) Tongue erosions. (B) Unopened larynx—trachea. Erosion 
(arrow) of aryepiglottic folds owing to thermal injury. (Courtesy of Dr. C. Armstrong, 
London Health Sciences Centre, London, Ontario, Canada.) 


(<30%), and the role of cranial congestion from thermal-induced neck or chest pressure 
has been raised (74). There is no relation between the degree of postmortem tongue pro- 
trusion and the amount of soot in the airway (74). 
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Fig. 22. Death prior to fire. No evidence of smoke inhalation and negligible carboxy- 
hemoglobin. Pinned during dismantling of boxcar. Collapsed boxcar wall lifted from body. 
Burning due to acetylene torch used by worker. Torn subclavian artery seen at autopsy. 


4.2. Evidentiary Support 


Samples of heart and femoral blood are collected in tubes containing sodium fluo- 
ride preservative. Changes in COHb and CN levels have been observed in nonpreserved 
blood ( ). Concentrations of COHb and CN have been noted to be elevated in the 
left ventricle compared with the right (56). A living victim, exposed to fire, inhales toxic 
gases that are absorbed in the lungs and circulate to the left side of the heart ( ). 
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Fig. 23. Charred body recovered from car following collision and fire. Radiograph shows 
C2-C3 dislocation (arrow). 


Another study, assessing this “first-pass phenomenon,” did not show differences 
between the left and right ventricle COHb concentrations in fire victims. This suggests 
that even though respiration can cease quickly, blood continues to circulate, leading to 
equalization of the left and right ventricular concentrations (79). 

To assess whether accelerant has been used, suspect material is collected at the 
scene. Accelerants are suspected when there is an odor from the body. A filmy sub- 
stance can be observed when the body is washed at the time of autopsy (80). Autopsy 
material (skin and/or soft tissue, burned clothing) is collected as soon as possible 
because volatiles evaporate (S0,8/). Accelerant can be ingested by suicide victims 
and detected in the blood (/6,82). In cases of suspected accelerant use, soot may not 
be detectable in the airways, and COHb is not elevated. Analysis of accelerants in 
the blood of these cases assists in determining whether the individual was alive. In 
self-immolation, accelerants are commonly used (19,2/,83). Suicide and homicide 
victims of fire in which accelerants have been used have shown elevated accelerant 
levels (e.g., gasoline, kerosene) in the left ventricle compared with the right 
(78,79,54). The proposed explanation for this difference is cessation of the systemic 
circulation by ventricular fibrillation (79). There are accelerant fire cases in which 
soot and/or elevated COHb (>10%) have been noted, and no accelerants were 
detected in the blood. 


4.3. Other Trauma 


Fatal injuries occur prior to a fire (Figs. 22 and 23). Radiographs are necessary 
prior to dissection, to rule out certain types of injuries (e.g., gunshot wound; see Fig. 3 
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Fig. 24. Motor vehicle collisions associated with fires. (A) Clotted blood from the ear of a 
charred victim (arrow). A basal skull fracture was seen. Note skin splits near ear caused by 
charring. (B) Charred body. Scalp reflected to reveal linear skull fracture (arrows) showing 
no evidence of heat effects, i.e., charring. 


and ref. 4). Charring obscures external injuries ( ; ref. 67). Distinguishing 
between antemortem and postmortem heat fractures may require assistance of an 
anthropologist (85). The base of the skull is relatively protected from the direct effect 
of heat. A fracture of the uncharred skull base indicates antemortem trauma, and this is 
supported by the presence of hemorrhage in adjacent soft tissues, and subdural and sub- 
arachnoid hemorrhage ( refs. 34 and 86). Accumulation of blood in the subdural 
space is an antemortem event (see Subheading 3.3. and refs. 4 and 47). Subdural hem- 
orrhages are typically unilateral (49). Intracerebral injuries can be observed ( ). 
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Fig. 25. Motor vehicle collisions followed by fires and charring of victims. (A) Rollover. 
Subdural hemorrhage. (B) Multiple petechial hemorrhages in brainstem (pons) indicative 
of diffuse vascular injury. 


COHb elevation and soot are absent in cases of fatal trauma (42). Trauma can be sus- 
tained during the fire (4). A study of motor vehicle-related fires showed three patterns: 
smoke inhalation and increased COHb; thermal airway injury; and trauma (67). In this 
series, levels of COHb greater than 30% strongly suggested inhalation of combustion 
products as the cause of death (67). A concentration of less than 20% suggested that 
other causes of death needed to be considered, i.e., trauma and thermal injury sustained 
during the collision (67). Soot and low COHb levels have been noted in injured occu- 
pants of cars that caught fire (52). 


4.4. Disease 


An apparent fire victim can be dead from disease prior to or during the fire, and 
may not have an elevated COHb and soot in the airway (Fig. 26; refs. 4, 33, 42, and 52). 
Individuals compromised by anemia, heart and respiratory disease, or stroke can suc- 
cumb at lower concentrations of COHb (4). No significant correlation of COHb concen- 
tration with age has been observed (56). 


4.5. Microscopic Evaluation 


Microscopic demonstration of carbon deposits, observed coating the respiratory 
mucosa at autopsy, confirms smoke inhalation (Fig. 18; ref. 52). Microscopic examination 
of a burn can assess whether it occurred while the individual was alive. A few polymor- 
phonuclear leukocytes are seen migrating out of blood vessels at about 4 h (52,87). 
Leukocytic infiltration at the periphery of the burn is evident by 6 h. In most deaths at the 
scene, burns are postmortem, as the toxic effects of CO and smoke evolve rapidly. Certain 
histological findings can be caused by autolysis, e.g., mucosal detachment in upper airway 
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Fig. 26. Dead prior to fire. Ischemic heart disease determined during autopsy. No evidence 
of smoke inhalation and negligible carboxyhemoglobin. 


(see Subheading 4.1. and ref. 52). Elongation and palisading of epithelial nuclei in the res- 
piratory tract is a postmortem heat effect (52). Hyperemia and edema of the airway mucosa 
are a vital but nonspecific reaction (52). The combination of pseudogoblet cells, increased 
mucus secretion, and vesicular detachment of respiratory epithelium has been considered 
indicative of antemortem heat effects, even in the absence of soot and increased COHb 
(52). Examination of lungs from deaths that occurred rapidly shows nonspecific findings 
(acute congestion, edema /52/). Although indicative of circulation following bony trauma, 
minor to moderate fat embolism has been seen in the lungs of some fire deaths in which 
blunt trauma has been excluded (see Chapter 8, Subheading 12.1. and refs. 42, 47, and 52). 


5. ADMISSION TO HOSPITAL (BURN UNIT PATIENTS) 


5.1. Epidemiology 


Burn victims who present to a hospital and subsequently die have been injured 
under a variety of circumstances (/,6/). Although increasing age, which is associated 
with declining memory and physical disability, is a risk factor, particularly in acciden- 
tal fires, some types of fires are typical for certain groups of victims (6/). For example, 
in one study, victims of motor vehicle-related and solvent-use fires were typically in 
their late teens or early 20s (6/). Scalding is a common cause of outpatient visits and 
admissions to pediatric and adult burn units; however, the majority of severe burns and 
deaths occur because of fire ( ). Mentally or physically incapacitated individuals 
(e.g., nursing home residents) who are unable to extricate themselves from hot bathtubs 
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or showers are typical adult scald victims (2,6/,9/). Ethanol intoxication can play a role 
(2). Lack of parental supervision of children while bathing or in the kitchen (e.g., a child 
reaching for boiling pot on a stove), can result in burns (89,9/). The hot water source 
may be set too high. Reduction of scalding injuries can be achieved by lowering the 
temperature of the household water heater to below 54.4°C (130°F /92/). 

Numerous studies have been done to determine risk factors contributing to the mor- 
tality of burn patients. A retrospective review of 1665 acute burn patients, admitted from 
1990 to 1994 to Massachusetts General Hospital and the Shriners Burns Institute, deter- 
mined three risk factors: age greater than 60 yr, more than 40% total body surface area 
burned, and inhalation injury (93). A mortality formula predicted 0.3, 3, 33, and about 90% 
mortality, depending, respectively, on whether none, one, two, or three of these risk factors 
were present. Other prognostic clinical parameters have been described (e.g., the extent of 
third-degree burns, and underlying chronic respiratory disease //,94—98/). Pre-existing 
diseases (e.g., cardiac disease) and other conditions (e.g., alcohol abuse, smoking) may or 
may not have a bearing on prognosis (/). Patients, including the very young and old, with 
limited cardiopulmonary reserve are volume-sensitive, i.e., they can develop hypovolemia 
or hypervolemia during resuscitation (9S). Pulmonary edema and congestion are nonspe- 
cific findings not necessarily related to volume resuscitation (see Subheading 5.2.; Table 1; 
and ref. 99). Despite the mathematical models developed, the determination of mortality 
risk factors is not completely definitive because of the complex nature of burn deaths (97). 
Furthermore, one model may not necessarily be reproducible in another institution (/,97). 
Prognostic indicators change as mortality decreases with improved treatment (94). Faced 
with a deceased burn patient who was hospitalized for an extended period of time, the 
pathologist has the challenge of determining the cause of death based on the information 
and findings related to a specific case, irrespective of the general prognostic indicators. 


5.2. Burn Complications 


Burn patients develop a host of complications; one or more can contribute to the 
cause of death (see Table 1 and refs. 98, /00, and /0/). 

Following the development of effective fluid resuscitation for severe burns, sepsis 
became a leading cause of mortality (/,94, /00,/0/,/03). The sources of sepsis are mul- 
tiple (Table 1). Septicemia can be caused by burn wound infection, pneumonia, urinary 
tract infection following catheterization, infected intravenous lines, and infection of 
skin donor sites (/0/,///). 

Infection and burn injury can trigger an unchecked systemic inflammatory response 
that persists despite the eradication of any infections during the clinical course, leading 
to multiple organ failure, another common cause of death (see Chapter 1, Subheading 4.3. 
and refs. /, 88, 103, and /3/). Hypovolemic shock can contribute to multiorgan failure 
(88,/03). Patients with multiorgan failure tend to have larger burns and are older, but 
other studies have not shown this relationship (/,/03). 

Respiratory failure (inhalation injury, pneumonia, adult respiratory distress syndrome 
[ARDS)]) is also a significant cause of death (1,88,98, 100,102, 103,110,113,116,131,132). 


5.3. Injury From Smoke Inhalation 


Smoke interferes with normal airway clearance by respiratory epithelium, causes 
bronchospasm, and affects surfactant-producing pneumocytes (/04,/08,/ 12). Inhalation 
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Table 1 
Systemic Complications Post-Burn Significant in the Determination 
of the Cause of Death 


Within 3 d 


Neurological complications from carbon monoxide (CO) poisoning; hypoxic-ischemic 

encephalopathy (/00). 

Inhalation injury (smoke, toxic agents, hot gas, e.g., steam) (94,98, 100,102,103). 

° Acute laryngeal edema. 

© Mucosal “burn.” 

° Eventual necrotizing or “pseudomembranous” laryngotracheobronchitis, pneumonia, 
and respiratory failure (/04). 

Shock (extensive burns; refs. 94, 98, 100, 101, and 103). 

Edema—constriction of extremities, torso (“abdominal compartment syndrome”) and 

neck with potential respiratory compromise requiring escharotomy and fasciotomy® (see 

Chapter 8, Subheading 8.4.; Fig. 27; and refs. 98 and /05—109). 

Myoglobinuria and kidney failure (electrical or crush injury). (See Chapter 8, Heading 13.) 

Paralytic ileus (9S). 


Within 7 d 


Subendocardial hemorrhage, left ventricle (agonal event).? 

Pneumonia. 

° Secondary to inhalation injury (airborne; refs. 98-100, 108, 110, and 111 ).2 

° Aspiration + pneumonia (88).? 

Pulmonary hemorrhage, edema, or atelectasis (can be immediate; refs. 98, 99, JO], 102, 
108, 112, and 113).5¢ 

Kidney failure (hypovolemia) —acute tubular necrosis; 
necrosis(/00,101).4 

Burn wound infections (e.g., Pseudomonas aeruginosa and other Gram-negative bacte- 
ria; Staphylococcus aureus, refs. 89, 100, 101, and 111).¢ 


» renal cortical 


After 7 d 


Acute myocardial infarct (98,/03,/14,115 i 

Infective endocarditis and suppurative thrombophlebitis (vascular line insertion). 

Pneumonia (see Complications within 3 and 7 d). 

° Hematogenous (Gram-negative septicemia, e.g., P. aeruginosa owing to burn wound 
infection, vascular line insertion in a site complicated by suppurative thrombophlebitis, 
peritonitis owing to occult visceral perforation, urinary tract infection, abscess in a vis- 
ceral or peripheral vascular injection site /98—/00,/16/).8 

Diffuse alveolar damage (adult respiratory distress syndrome; see Chapter 1, Subheading 

4.3.; refs. 99, 116, and 117). 

Thromboembolism.¢” 

Gastric and duodenal erosions/ulcers (Curling’s ulcers)?; preceding hemorrhagic gastritis 

(98, 100,118).4 

Gastric dilatation, complication of sepsis (101). 

Tleus, complication of sepsis (88,98, /0/). 

Duodenal obstruction owing to superior mesenteric artery syndrome (98, /9).4' 

Colon dilatation (pseudo-obstruction) complicated by cecal perforation (/20).¢ 

Ischemic (pseudomembranous) enterocolitis (100,/01,121).4 

Liver failure./ 

Acute cholecystitis (calculous, acalculous; refs. 98, 122, and 123)* 
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* Acute hemorrhagic pancreatitis (98).4 

* Renal failure (see Complications within 3 and 7 d).¢! 

* Acute pyelonephritis (/0/)— ascending,“ hematogenous 

¢ Renal artery thrombosis (cortical infarct //15/).4 

* Necrotizing prostatitis? 

¢ Disseminated intravascular coagulation (DIC) complicating burns, other trauma, sepsis 
(see Chapter 1, Subheading 4.3. and refs. 98 and 100).” 

¢ Acute splenitis, sign of sepsis (100). 

¢ Thymic stress involution in children (/00). 

¢ Adrenal hemorrhage (Waterhouse—Friderichsen syndrome /98,/00,101,124]).4" 

* Pituitary infarct owing to hypovelemiaé 

¢ Burm wound infection (see Complications within 7 d, less commonly fungi, e.g., 
Candida [111]). 

¢ Visceral abscesses (sign of septicemia). 

* Viral infection (cytomegalovirus, herpes simplex, adenovirus //25,126/).¢ 


d 


“The degree of retraction of skin edges (up to 4-9 cm or 1.5” to 3.5”) of a fasciotomy or escharotomy 
suggests edema. 

’Complication also occurs more than | wk after burn. 

“Multiple etiologies of hemorrhage— pulmonary hypertension (e.g., head trauma, congestive heart fail- 
ure), gastric acid aspiration, fat embolism, DIC, inhalation injury, infarct owing to thromboembolism, 
septic (e.g., Pseudomonas) vascular necrosis. Edema can arise from volume overload and is a sign of 
cardiac failure. 

¢Uncommon cause of death. 

°A burn wound can be infected by the hands of hospital personnel, by fomites (e.g., contaminated mat- 
tresses), and by fecal contamination from the burn victim. Signs of an invasive burn wound infection 
include: dark brown to black discoloration of burn, hemorrhagic discoloration of subcutaneous fat 
underlying the burn, and foci of hemorrhage in soft tissue away from the burned area (98,/0/). 
Microscopic assessment may reveal a dense population of microorganisms in the burn (98). 
Microorganisms are seen invading viable tissue. Vasculitis, necrosis, and hemorrhage can be seen in 
unburned tissue (98). 

JCoronary atherosclerosis may be absent. Hypercoagulability (e.g., DIC) complicated by coronary artery 
thrombosis may be a factor. Thrombi can occur in other vessels (/0/,/15). 

8Pneumonia of hematogenous origin is characterized by hemorrhagic, subpleural lesions resembling 
pulmonary infarcts (/0/,/16). Parenchymal necrosis is evident when lung microscopic sections are 
examined (116). If Pseudomonas aeroginosa is involved, numerous Gram-negative bacteria are seen in 
peribronchial and perivascular spaces (116). Septic thrombi may be observed (//6). Early lesions are 
free of exudate. 

'One study showed an association between pulmonary thromboembolism and the presence of central 
venous catheters (/27). Although no thrombus was identified in the innominate vein of these cases, the 
possibility of subclavian thrombosis could not be excluded. The risk of thromboembolus is not related 
to the size of the burn (/0/). 

‘Superior mesenteric artery syndrome is characterized by partial or complete duodenal obstruction in 
patients with more than 30% total body surface area burns (//9). The distal duodenum is trapped 
between anterior (superior mesenteric artery) and posterior structures (spine, aorta). The syndrome is 
associated with prolonged bed rest and acute weight loss resulting in loss of mesenteric and retroperi- 
toneal fat and a weakening of abdominal muscles. Hyperalimentation has reduced weight loss in burn 
patients. 

JCentrilobular hemorrhagic necrosis, intrahepatic cholestasis, and nonspecific hepatitis are signs of sep- 
sis, shock, multiple transfusions, congestive heart failure, and hepatorenal syndrome; cholestatic hepa- 
titis can be the result of medications (98, /00,128,129). 

KAcalculous cholecystitis arises as a result of sepsis, dehydration, multiple surgical procedures, biliary 
and gastrointestinal stasis, and pancreatitis (98,123). 

'Septicemia and congestive heart failure are causes. Renal failure is associated with high-voltage elec- 
trical injury, crush injury, or delayed resuscitation (98). 
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of smoke and other combustion products can affect the upper airway only or the entire 
respiratory tract, including the lung parenchyma (98,99, /0/, 102,104,113). 

With the exception of aspiration of boiling water and inhalation of steam and other 
hot gases (e.g., an explosion involving volatile gases), heated air does not usually cause 
tracheal injury (99, /0/,/02,/13,133). The heat-decreasing capacity of the upper airway 
allows cooling of inhaled hot gases before they reach the alveoli (see ref. /02 and 
Moritz, cited in refs. 104,/33). The presence of facial burns and soot in the airway, a 
fire in an enclosed space, and unconsciousness during smoke exposure raise the possi- 
bility of inhalation injury (/02,/04,/10,116,132,133). Cutaneous burns can be absent 
(102,104). Clinically, there can be an asymptomatic period of a few days following 
exposure (98,104, 110,113). 

The upper airway becomes edematous and inflamed, and respiratory failure fol- 
lows within 24 h, leading to the requirement for intubation (98, /0/, 102,108,133). Soot 
usually disappears by the second day of hospitalization (//0,//3). Inhalation changes 
involving the trachea can progress to ulceration and eventual widespread severe and 
extensive mucosal sloughing requiring ventilatory support and possible tracheostomy 
(98,100,102,113,116). Tracheobronchitis predisposes to pneumonia (98,/09,/10, 
1/3). Intubation and tracheostomy can be complicated by upper airway ulcers and 
inflammation (99, 100,116,134). Glottic and subglottic stenosis is a late complication 
(134). Severely burned patients are more susceptible to lower respiratory tract infections 
(116). ARDS is a complication of inhalation injury (see Chapter 1, Subheading 4.3. and 
ref. /04). 


6. PATHOLOGIST’S ASSESSMENT OF A HOSPITALIZED BURN VICTIM 


An autopsy not only helps determine a cause of death, but also uncovers findings 
unsuspected clinically. In one study at the University of Washington Burn Center from 
1989 to 1994, 18% of 88 patients who were subject to an autopsy had clinical diagnos- 
tic errors. Premortem detection of the errors in four of these cases might have changed 
the clinical outcome (/35). 

The following items should be covered by the pathologist: 


1. Review clinical history. Obtain information from other sources (e.g., police, fire investi- 
gator), depending on the circumstances of the death. 

2. During external examination, record evidence of medical procedures. This includes 
fasciotomies/escharotomies (Fig. 27). 

3. Document extent and appearance of burns (Fig. 28). Is there a pattern that suggests how 
the burn was caused? For example, scalding victims in hot tub water tend to have burns 
in the lower part of their bodies (91). Some of these cases show parts of the body spared 
injury, because of compression against the sides or bottom of a bathtub (/36). Photographic 
documentation is necessary. 

4. Rule out other trauma (/37). 


Table 1 footnote (Continued) 


™Manifest as bleeding from sites of vascular puncture and from mucous membranes, extensive cutaneous 
ecchymoses, visceral hemorrhage including adrenal glands (/30). 

"Associated with DIC, septicemia, anticoagulant therapy, direct trauma. Also observed in the earlier 
post-burn period. Rarely, extensive retroperitoneal hemorrhage (/24). 

(Adapted from ref. 3.) 
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Fig. 27. Burn victim. Escharotomies. 


5. A complete autopsy, including microscopic examination of major organs, is required to 
address the multifactorial reasons for death (Table 1). Microscopy can include exami- 
nation of the burns (Fig. 29). 

6. Obtain appropriate samples (e.g., blood, lung, abscess tissue) for culture, if necessary, 
realizing that burn patients hospitalized for extended periods of time likely have had 
numerous microbiological studies and received various antibiotics. 


7, ELECTROCUTION 


7.1. Physics and Pathophysiology of Electrical Injury 


The amount of electron flow (current) is proportional to an electron concentration 
gradient (voltage) and inversely related to the resistance of the connecting medium 
along the path of flow (/38—140). This is expressed as Ohm’s law: J = V/R, where “I” 
is current (amperes [A]), “V” is voltage (volts [V]), and “R” is resistance (ohms [Q]; see 
refs. 138, 139, and 14]—145). 

Electricity exerts two major effects on the body: cellular depolarization of 
nerves and muscle and heat production, the latter reflecting a longer duration of expo- 
sure (35,140,142,144,146—-149). The long axes of most skeletal muscle cells and 
axons are oriented parallel to the direction of current flow, and transmembrane poten- 
tials are affected (/47). Electrical injury of nerve cells and muscle alters membrane 
permeability by disruption of the lipid bilayer structure of plasma membranes, lead- 
ing to formation of structural defects or “pores” (electroporation), and by denatura- 
tion of membrane proteins (/42,/45—147). Temperatures higher than 60°C (140°F) 
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Fig. 28. Burns caused by radiant heat. (A) Blister, broken (second degree). (B) Leathery 
consistency of lower extremity (third degree). 
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Fig. 29. Partial thickness burn. Epidermis sloughed; dermal alteration (D) (H&E, original 
magnification x25). 
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produce tissue destruction (/50). Thermal injury denatures all tissues by coagulation 
necrosis (38,/5/). 

Various factors determine the relative contribution of these mechanisms and the con- 
sequent pattern of electrical injury. They include the type of circuit, duration of contact, 
resistance of tissues, voltage and amperage of current, pathway of current, and surface 
area of contact points (i.e., current density inversely related to the area of contact; see 
refs. 38, 138, 141, 143, and 151—154 and Subheadings 7.3. and 7.4.). 


7.1.1. Type of Circuit 


Alternating current (AC), i.e., an electric field of alternating polarity, has a fre- 
quency of 60 Hz in the United States and Canada (50 Hz in Europe //38—/40, 
142,147,152,155,156]). Ac is found in households (low voltage; 15 A in the United 
States and Canada) and utility lines (high voltage), which are the two most common 
sites of electrocution deaths (139, 145,147,156). Ac is the most efficient way to depolar- 
ize cells (140). The physiological muscle contraction—relaxation time is 20 to 40 ms 
(147). Muscle fibers, when continuously stimulated between 40 and 110 times per sec- 
ond (40-110 Hz), go into sustained contraction (tetany //52,/57/). Sixty-Hz Ac current 
changes direction 120 times per second (i.e., every 8 ms; //47/). Because tetany occurs 
at low amperage, AC is more dangerous than direct current (Dc; refs. 139, 141, 142, 144, 
145, 149, 152, and 158-160). If an Ac electrical source is gripped by hand, the stronger 
flexor muscles of the hand and forearm go into tetanic contraction, which prolongs the 
grip and increases the duration of exposure to the current and the injury risk (/39,/41, 
142,147,152,157,158). Rigor mortis can occur immediately after death in high-voltage 
electrocution and be localized to one extremity (Chapter 2, Fig. 8; refs. 140, 147, and 
161-163). 

In contrast, the electrons flow in one direction in a Dc circuit (/38,/39). Dc Tends 
to cause a single muscle contraction, throwing the victim and resulting in a shorter dura- 
tion of exposure to the electrical source but increasing the chance of blunt trauma 
(139,141, 142,145,147,152,157). Dc occurs in lightning strikes and from contact with 
certain equipment (e.g., defibrillators /139, /40,145,152,164-166/). 


7.1.2. Resistance 


Resistance (R), the inverse of conductivity, is the tendency of tissues to resist the 
flow of current and is dependent on the moisture content, temperature, and other phys- 
ical properties of the tissue (/42,/52). The higher the resistance, the greater the trans- 
formation of electrical energy to thermal energy at a given current (38, /42,/44,145, 
151,152,167,168). This is expressed as Joule’s law: P = PxRxT (= current; R = 
resistance; J = duration of contact). 

The human body has a minimal resistance of 500 Q (139,159,163). Good tissue 
conductors include nerves, blood, mucous membranes, and muscle (/39-/4/, 152,158). 
Mucous membranes (mouth, rectum, vagina) have low resistance (range of 100 Q 
[139,141,169,170]). Tendons and fat offer more resistance, and bone is the most resist- 
ant (139,141,142, 144, 152,158,168). Skin has intermediate resistance and is the primary 
resistor to current flow, resulting in much electrical energy being dissipated at the skin 
surface contact (138,139, 141,142,152,155). Moisture reduces skin resistance (sweating, 
2500 Q/cm?; immersion in a bathtub, 1200-1500 Q/cm? /139, 141, 142,152,171]). Moist 
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skin does not burn, and increased current will flow into the body (/52). In contrast, the 
heavily callused skin of the palms can have a resistance up to 2 x 10° Q/cm? (141,147, 
152,158). As the skin is burned, resistance drops, allowing increased current flow into 
the body (139, 142,145,152). 

The amount of heat produced is dependent on current density, which is inversely 
proportional to the cross-sectional diameter of the body structure, i.e., fingers and toes 
have more severe burns than an arm or leg (38,141,145, 146,148,168). As current flow 
increases in the body, the current tends to overcome the resistance of less conductive 
tissues (152). As a result, the entire body becomes a volume conductor, with the excep- 
tion of bone, and current flows through all tissues, resulting in variable electrical and 
thermal damage (38,139,147,152,155,168). Skeletal muscle, because it occupies the 
greatest volume of soft tissue in the extremities, carries the bulk of the current (/47). 
Muscle not only is subjected to the direct thermal effects of current, but also continues 
to be heated by adjacent bone, which has a higher thermal capacity (38,/39,147, 
148,172). 


7.1.3. Current 


Current is the amount of electrical energy that flows through an object. The 
amount of current passing through the body is indeterminate because the resistance can 
only be estimated, particularly at the skin surface (/41,/47,/49). Current passing 
through the body is responsible for the damage seen (/4/,/49, 152,159,171). A sublethal 
current can startle an individual, causing a fall (159). 


7.1.4. Pathway 


Low-voltage Ac kills by either asphyxia (respiratory muscle paralysis) or cardio- 
respiratory arrest (Table 2). 

Current passing through the heart (e.g., hand-to-hand) causes direct myocardial 
damage and arrhythmia (/39, 142,144, 152,155—160). Ventricular fibrillation is the most 
common arrhythmia (/44,/50,159,173). An electrocution victim in ventricular fibrilla- 
tion can be conscious for about 10 s, and purposeful activity (e.g., turning electrical 
equipment off) before collapse is possible (/40,/59-161). 

Even though much of the Dc passes along the surface of the body in a lightning 
strike, enough enters the body to cause cardiac arrest, apnea, vascular spasm, and auto- 
nomic dysfunction (/4/,/67,174). Lightning and high-voltage electrocution cause ven- 
tricular asystole more frequently than fibrillation because of the higher current flow 
(139,140, 143,145,163,165,167). The automaticity of the heart causes normal rhythm to 
be restored; however, the hypoxia from the respiratory arrest that occurs during asystole 
can lead to ventricular fibrillation and hypoxic—ischemic encephalopathy 
(139, 141-143, 145,152,153,163,166,174,175). About two-thirds of lightning victims 
survive (142, 147,153,164,174,176,177). 

Less commonly, respiratory arrest, paralysis, seizures, and direct brain (brainstem) 
injury result from current passing through the brain (e.g., head to limb /38,/4/—143, 
145,152, 158-160, 164,173,174,178]). Currents in the range of 100 mA, passing from 
the head to limb, can lead to respiratory arrest (1/59). A considerable amount of heat is 
generated by a high-voltage current, leading to irreversible brain death (/63). Shocks 
above 5 A at 60 Hz for 1 s can lead to cessation of breathing even when the respiratory 
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Table 2 
Effects of ac (60 Hz) Current 


Amperage (milliampere [mA], 


Effects ampere [A]) 
Tingling/pain 1-2 mA 
Let-go current (average) 
¢ Man 7-9 mA 
¢ Woman 6-8 mA 
¢ Child 3-5 mA 
Maximum current a person can grasp and let go 16 mA 

(50% of men) 
Tetany (freezing to circuit) 16-20 mA 
Respiratory arrest from thoracic muscle tetany 20-50 mA 
Ventricular fibrillation 50-100 mA 
Ventricular standstill >2000 mA (>2 A) 
Common household circuit breaker ISA 
Maximum intensity of household current (US) 240 A 
High voltage <1000 A 
Lightning >200,000 A 


Adapted from refs. 38, 140, 142, 150, 157, 159, and 160. 


center is not in the path of the current (e.g., hand to foot /759/). Another mechanism of 
death is asphyxiation from tetanic contraction of respiratory muscles by current passing 
from arm to arm or arm to leg(s) (38,173). 


7.1.5. Voltage 


Voltage (V) is the only known parameter in many cases of electrical injury 
(142, 143,145,149). Electrical injuries are arbitrarily divided into low- (<1000 V) and 
high-voltage (38, /41, 142,145,147, 152,158,163). The greater the voltage, the more exten- 
sive the injury, but a 110-V household current still has sufficient current to cause ventricu- 
lar fibrillation (144, /58). Thermal effects are an important mechanism of injury or death in 
high-voltage electrocution (/40). Household voltage depends on the locale: 120 V (United 
States and Canada), 220 V (Europe), or 240 V (Australia, United Kingdom /139,/40, 144, 
147,179]). Workplace tools and machines may be connected to 220- to 440-V power sources 
(147). Electrical lines involve thousands of volts. Lightning is associated with a voltage dif- 
ference of millions of volts between the clouds and ground (143,164, 167,176,180). 


7.2. Epidemiology and Circumstances 


Of 217 accidental electrocutions studied during a 22-yr period in Dade County, 
Florida, 93 were from high-voltage (>1000 V) and 108 were from low-voltage cur- 
rent (/63). Sixteen deaths were caused by lightning. Another study showed that 39% 
of electrocution deaths were from low-voltage current (most frequently household 
voltage /17//). An Australian study of 104 electrocution deaths showed 88% from 
low-voltage and 12% owing to high-voltage current (/8/). There are about 1000 
deaths from electrical injury per year in the United States (142,147, 152, 157, 
159,161). Electrical burns account for 3 to 6.5% of all admissions to American burn 
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units (142,147,148, 152). About half of electrical injury deaths occur at work and the 
remainder at home (/8/). 

Low-voltage injuries occur under various circumstances (e.g., use of a faulty tool 
or appliance, repair of electrical equipment, contact with faulty wiring or an energized 
object /142,163,182,183]). About two-thirds of the fatalities are to individuals between 
the ages of 15 and 40 yr, and there is a male predominance (/74). Failure to ground tools 
or appliances (i.e., a conducting connection between an electrical circuit or piece of 
equipment and the earth or its substitute) and using devices near water are risk factors 
(142,181). The victim may be unqualified to do electrical work (/83). High-voltage 
injuries typically occur in the workplace, predominantly involving men (/42,/47, 
158,161). Electrocuted workers tend to be younger than victims in other types of occu- 
pational fatalities (148, /52, 154). The highest number of workplace electrocution deaths 
happen in the summer owing to increased outdoor activity; decreased use of heavy insu- 
lating clothing, including gloves and boots; and decreased skin resistance from sweat- 
ing (/8/,/84). Various scenarios in the workplace lead to direct contact with a 
high-voltage electrical source (e.g., a vehicle such as a crane contacting high-tension 
lines; the raising of metal poles, antennae, or ladders that touch power lines; see refs. 
142, 151, 158, 161, 163, 185, and 186). The construction and mining industries have the 
highest death rates (152,187). 

Bathtub electrocutions are associated with electrical appliances, typically hair dry- 
ers submerged in water. The installation of a ground fault interrupter has reduced this 
risk (/6/,/58,189). A ground fault interrupter is designed to sense a 5-mA difference 
between the ground and current wires. 

More than 20% of all electrical injuries occur in children (/42). Young children are 
predisposed to low-voltage injury because of their tendency to chew on objects (e.g., 
electric cords) while crawling and exploring (139,/41,142,145,147,152,189,190). 
Considerable bleeding from an injured labial artery can occur when eschar is removed 
some days later (139,157,189). Wires may be inadequately protected (/53). Young chil- 
dren are also electrocuted by direct (i.e., mouth or finger) or indirect (e.g., fork) contact 
with electrical outlets (790). 

Low-voltage electrocution must be suspected when there is a sudden death while 
using an electrical appliance, and analysis of the electrical equipment and wiring is 
required (/40,161,163,184). The appliance does not need to be in the on position, as the 
wiring may have been faulty or the victim may have had time to turn off the appliance 
(161). The victim may be witnessed collapsing after crying out in pain (/40,/61/, 
163,181,184). Electrocution does occur during autoerotic activities and consensual sex- 
ual activity (see Chapter 3, Subheading 2.7.2. and refs. 169, 170, 191, and 192). 

Outside the workplace, high-voltage electrocution can occur by direct contact with 
an intact or downed power line (/63). Older children and adolescents can sustain electri- 
cal injury through misadventures with high-voltage lines (142,145, 151,152,189, 190,193). 
Contact through a conductive device, at home or during recreational activity (antenna, 
kite), also occurs (163,/82,183,194). Electrical burns have resulted while receiving a 
phone call, because of arcing between a telephone line and high-tension wire that were 
separated 15 cm (6 in.) (155,195). Continued victim contact with a high- or low-voltage 
source can electrocute rescuers (/39,/5/,196). Switching and disconnecting energized 
lines can lead to noncontact “flash” burns (/58). 
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Fig. 30. Suicide by electrocution. (A) Elaborate wiring on torso secured by duct tape. (B) 
Exposed copper wire. Cutaneous burn discolored green. (See Companion CD for color 
version of this figure.) 


All manners of death are possible in electrocution. A study of 220 electrocutions 
revealed 217 accidents, two suicides, and one homicide (/63). Electrocution is an 
uncommon method of suicide (Fig. 30; refs. 16/7, 163, 181, 188, and 197-199). A timer 
can be used (200,201). Wires are connected from an electrical source to the skin surface 
(161,200). Suicidal electrocution can be staged to mask a homicide by other means 
(202). Homicide by electrocution is rare (/6/,163,197,203,204). 

Lightning causes 30 to 100 deaths per year in the United States (139,152,159, 
174,177). AS moist warm air rises within a cold air system, cumulonimbus clouds form 
(164,174,176,180). Static electricity is created during this movement of particles 
(144,167,180). A large negative charge results in the bottom of the clouds, and the 
ground becomes positively charged (144, /64,174,176,180). When a potential difference 
of 30,000 V or more exists, a leader stroke going to the ground meets an upward 
streamer (pilot stroke) from an object on the ground (e.g., a standing person) within 
microseconds (/64,/74, 176,205). The most common setting for a lightning strike is in 
a thunderstorm, but snowstorms, sandstorms, and erupting volcanoes are also associated 
with lightning (/44). Lightning strikes do occur in fair weather conditions, and the thun- 
derstorm can be distant (167,177,206). The majority of lightning strikes are in the sum- 
mer months (174). Multiple victims are possible (/4/—/43). 

Males are at greater risk for being struck by lightning because more men are 
involved in outdoor work and activities (177,205). Generally, deaths do not occur in 
well-protected buildings; however, plumbing fixtures, telephones, and other appliances 
attached to the outside of the house by metal conductors can indirectly injure occupants 
by means of side flashes (/74). Individuals are at risk in open areas and partly sheltered 
areas (e.g., tents /174,205/). In a study from Singapore, two-thirds of deaths occurred 
in partly sheltered areas (205). Lightning does not always hit the highest object (/74). 
Lightning victims do not remain electrified (/39,/74). 


7.3. Electrical Burns and Other External Trauma 


Direct contact is the most common mechanism of injury (/58). The greater the 
skin resistance, the more likely that burns will result (/4/). A smaller surface area of 
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Fig. 31. Electrocution burns (contact or entry site). (A) Worker's glove. (B) Burn on hands. 
(Courtesy of Dr. D. King, Regional Forensic Pathology Unit, Hamilton, Ontario, Canada.) 


contact means a greater current intensity and severity of injury ( 53). Skin burns 
can be absent even in high-voltage electrocutions, if the contact area is large and expo- 
sure duration short (/40, /42, ). The most common sites of contact (entry) are the 
hands (F ; refs. , and ). Victims of low-voltage Ac electrocution may 
not have cutaneous burns ( ,181). In an Australian study, about 90% of 
victims had burns, probably because the domestic voltage in that country is 240 V (/8/). 
The most frequent site of grounding (exit) is the foot (F refs. , and 

5). A study of low-voltage electrocution deaths showed contact burns—not on the 
hands, but in areas of thinner skin (chest, neck, face, or arm) likely owing to humid 
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Fig. 32. Electrocution burns (exit site). (A) Death originally attributed to a heart attack. Exit 
burn on big toe found during external examination at autopsy. (Courtesy of the Office of the 
Chief Medical Examiner, Chapel Hill, NC.) (B) Multiple exit burns below ankle and on heel. 
(Courtesy of Dr. D. King, Regional Forensic Pathology Unit, Hamilton, Ontario, Canada.) 


conditions (/84). Multiple entry and exit points are observed when current paths are 
established through multiple arcs (F ; refs. 14 52, and 207). 

Exposure to water causes decreased skin resistance and an increased contact 
area, which reduces current density. The result is no visible skin injury; however, a 
low-voltage source is still lethal (e.g., moistened skin having a resistance of 1000 Q 
exposed to a 110-V source results in a current of about 0.1 A or 100 mA, the thresh- 
old for ventricular fibrillation //368,/5 '/). Electric burns in 
bathtubs are possible, if part of the body is ‘grounded to a metal fixture and out of 
water (/S8). Unusual water-related electrocutions have been described (e.g., drinking 
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from a water fountain in contact with an electric current from an underground cable; 
urinating on an electrified rail line /209/). 

Severe burns are more likely with high-voltage contact (/4/). High-voltage direct 
contact is associated with deep soft tissue burns and even thermal injury of bone (38). 
High-voltage victims often have a black metallic coating on the skin surface owing to 
vaporization of metal contacts (/47). Skin burns are sometimes patterned matching the 
electrical source or an area of the body covered by metal jewelry (/6/,2/0). 

Entry and exit burns range from pinpoint to large and can be missed (Figs. 31 and 32; 
refs. 38, 147, and /58). Exit wounds are not necessarily larger than entry wounds (/47). 
They have a central area of charring surrounded by a gray-white zone of necrosis 
(140,158). A more peripheral red zone can be seen (/40,/55,/6/). Surrounding erythema 
is not necessarily a vital reaction (see Subheading 3.3. and ref. /63). Assuming a temper- 
ature of at least 90°C (194°F) produces charring, about 30 s of skin contact with a low- 
voltage electrical source is needed before this occurs (/63). A temperature of about 
54°C (130°F) for 40 s causes epidermal necrosis (2/1). Fatal arrhythmia has occurred 
by the time cutaneous burning is seen, which means that the skin features of electrical 
burns are likely postmortem (/39,/63). An AC stimulus lasting from 1 to 10 ms causes 
ventricular fibrillation, whereas the development of a first-degree or erythematous burn 
requires 20 s of exposure to a current of more than 20 mA/mm? (/39,/63). In contrast, 
AC (115 V) applied to a dead pig’s skin showed no peripheral hyperemia around the burn 
site. This was observed only antemortem (2/2). 

Contact is not necessary to cause an electrical burn (38,/47,157,207). Arcing is 
associated with higher voltage (>300 V) electrocution, including lightning (/39,/40, 
147). The forearm of a victim near a 7500 kV power line can draw an arc when 3 to 4 
mm away (/47). Arcing is possible with larger distances of separation when the fingers 
are outstretched or pointed objects (e.g., screwdriver) are being held (147,207,209). 
Electric arc temperatures approach 2500°C to 5000°C (4500°F to 9000°F), causing 
severe burns (139, /4/,145, 149, 150,152,157,161,209). Clothing, particularly shoes and 
socks, can show arc marks (/39-141,149,150,157,161,163,209). Arc burns also extend 
deep into soft tissue and even bone; however, they can be subtle and missed on external 
examination (139,141, 158,207,209,210). “Kissing” burns occur when electrical current 
arcs across flexor creases (elbow, axilla, wrist; see refs. 144, 145, 147, 152, 158, and 
210). Contacts and exits can be difficult to distinguish because arcing is possible at entry 
and exit points (Figs. 31 and 32; refs. 38 and /5/). A victim can be indirectly exposed to 
the intense heat of electrical current arcing to the ground (/39,/58). 

Lightning injuries can be the result of direct strike, contact, side flash (“splash”), ground 
current (step voltage), and blunt trauma (see Table 3 and refs. /4/, 142, 147, 176, and 213). 

The duration of the lightning current is brief (100 ms //47/). Lightning striking the 
head directly can enter skull orifices (eyes, ears, and mouth //52,205/). Such direct- 
strike victims die immediately (/66,224). Contact injury occurs when a person is touch- 
ing an object (e.g., tent pole) that is part of the current pathway (/52). Side flash (splash) 
refers to lightning jumping or arcing from its primary conductor (e.g., tree) to a lower 
resistance object (i.e., a nearby individual //52,/76/). As lightning hits the ground, cur- 
rent spreads radially. If a person has one foot closer than the other to the strike point, cur- 
rent can pass through the legs and body because of the potential difference between the 
legs (147,152). Splash and ground currents can involve multiple victims (/53). Side flash 
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Table 3 
Lightning Injuries 
Cutaneous burns (139, 143, 152,153,165,167,174,205) 
Absent (discrete entry and exit rare) 
Superficial 
¢ Linear (corresponding to accumulation of sweat or water) 
e Erythematous burns owing to flashover 
¢ Punctate 
Thermal (clothing ignition, melting belt buckles and zippers /2/4/) 
Singed hair (205,215) 
Lichtenberg figures (ferning, feathering, arborescent “burns,” keraunographic markings 
[143,153,174,216]) 
Ruptured eardrum (secondary to direct burn, shock waves, basal skull fracture 
[143,152,153,165,167,174,217—219]) 
Pulmonary contusion (blunt injury, blast effect /752,153,174,220/) 
Myocardial infarct (rare); myocardial contraction bands 
(143,153, 165—167,174,175,178,22 1-223) 
Muscle necrosis, myoglobinuria, renal failure (rare compared with high-voltage Ac electrocution 
[143,153,165,180,224]) 
Spinal cord damage (direct, secondary to fracture /167/) 
Direct brain injury (associated with cranial burns /143,/64,166,174/) 
¢ Coagulation of parenchyma 
e Epidural and subdural hemorrhage (? blunt trauma //55, 166,174,224 /) 
e Peri- and intraventricular hemorrhage (155,174) 
e Subarachnoid hemorrhage (? blunt trauma /166,224/) 


¢ Basal ganglia hemorrhage (direct or thermal); brainstem hemorrhages (166,224,225) 
¢ Skull fracture (blunt trauma //55/) 


Facial fracture (blast effect /226/) 
Postcardiac arrest hypoxic—ischemic encephalopathy (224) 


e Associated cerebral infarction 


and ground current tend to spare the head (/66). Blunt injury results from opisthotonic 
muscle contraction, from the blast created by the explosive force of air superheated by 
lightning and then rapidly cooling, and from falls (147, 152,167,174). 

Electrical current normally travels along the outside of a metal conductor 
(164,165,174). Current flowing outside the body covered by wet garments causes vaporiza- 
tion and consequent tearing of clothes (Fig. 33; refs. 139, 141, 143, 144, 147, 150, 153, 174, 
178, 205, 215, and 227). The latter suggests a sexual assault, particularly when the body is 
found in the open (/6/,/74,205). Temperatures can briefly reach 30,000°C (54,000°F 
[153,176]). Thin metal objects are burned, and black coating may be seen on the victim 
(Fig. 33; refs. 38, 2/4, and 228). Electric flash burns in high-voltage electrocutions are 
superficial, red or brown, and typically involve exposed areas of the body (“crocodile skin;” 
see Fig. 34 and refs. 38, 141, 152, 157, 158, 165, and 229). Deep burns are not common in 
lightning strikes compared with high-voltage electrocution; however, thermal burns do result 
from ignition of clothing and surroundings (38,38,139, 144,145, 147,158,230,231). In one 
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Fig. 33. Lightning fatality. (A) Clothes torn. (B) Burned zipper. (Courtesy of Dr. D. King, 
Regional Forensic Pathology Unit, Hamilton, Ontario, Canada.) 


Fig. 34. Electrocution (contact with high-voltage line). Cutaneous burns owing to flashover 
(inset shows “crocodile skin”). 


series, 90% of lightning victims suffered burns (two-thirds had burns on the trunk, half had 
burns on the head), but only 5% had deep burns (/43,/53,164,167,174). There is limited 
internal current flow with a lightning strike, and thermal effects, except for at the site of con- 
tact, do not play a major role in organ damage (139,141, 142,147,150,174, 180,229). 
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Fig. 35. Lightning death. Lichtenberg figures. (Courtesy of Dr. D. King, Regional Forensic 
Pathology Unit, Hamilton, Ontario, Canada.) 


Lichtenberg figures (fern-like figures) describe a physical phenomenon of arbores- 
cent red areas on the skin that appear within | h of a lightning strike, and usually dis- 
appear after 24 to 48 h (Fig. 35; refs. 38, 180, 205, 2/3, and 216). Lichtenberg figures 
are not burns. They do not correspond to vessel or nerve distribution. They are related 
to positive charge caused by a secondary positive flashover from a nearby object in rela- 
tion to a person hit by negatively charged lightning bolt. The Lichtenberg figure is con- 
sistent with fractal behavior, in which a positive discharge attracts electrons from the 
surrounding skin. (A fractal is a mathematical object that manifests increasing detail 
with increasing magnification, such that the smaller magnified structure is identical to 
the larger one /38,213,216/). 


7.4. Internal Injuries Owing to Electrocution (Table 3) 


Hospitalized electrocution victims can show evidence of myocardial ischemia and 
arrhythmias (1/39, 141, 145,147,149, 152,158). Because of the onset of arrhythmia can be 
delayed, these patients are monitored for 24 h after admission, particularly when there 
is a history of heart disease, loss of consciousness at the scene, or apparent current flow 
through the heart (139, 141,142, 145,232,233). The heart can be normal at autopsy (/&/). 
Petechiae may be found in the myocardium, and larger hemorrhages have been 
described in the pericardium and endomyocardium (/&/). Petechiae on eyelids, con- 
junctiva, visceral pleura, and epicardium are a sign of vitality in an electrocution death 
(197,234). Their presence does not depend on voltage or current pathway (/97). The 
development of petechiae may be a combination of venous congestion owing to cardiac 
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Fig. 36. Electrocution. Myocardial contraction bands noted particularly on left of image 
(arrow; H&E, original magnification x100). (Courtesy of Dr. D. King, Regional Forensic 
Pathology Unit, Hamilton, Ontario, Canada.) 


arrest and elevated blood pressure caused by muscle contractions (/97). Widespread or 
focal necrosis with variable hemorrhage and acute contraction bands in the myocardium 
and conduction system are seen, and these changes are responsible for delayed arrhyth- 
mias (Fig. 36; refs. 139, 142, 232, 235, and 236). Myocardial infarction does occur in 
the absence of coronary atherosclerosis, and coronary spasm is likely (236-238). 
Vascular spasm has also been attributed to lightning (/67). Coronary thrombosis is a 
rare cause of myocardial infarct in an electrocution victim (/42). 

High- and low-voltage electrical current flowing along vessels causes damage to the 
intima and media (contraction band necrosis), leading to immediate or delayed thrombosis 
and consequent ischemia (38, 139-142, 144, 145,147,151,152,157,158,161,235). Major limb 
arteries are patent because of better heat dissipation because of greater blood flow, but 
small intramuscular arteries necrose from thermal damage and occlude, even under viable skin 
(139,149, 154,168,172). Medial damage can lead to aneurysm formation (149). Elevated 
blood pressure due to contraction of skeletal muscles and vasoconstriction from electrical 
current can lead to rupture of pre-existent cerebral aneurysms (/49,234). 

Muscle damage is caused by heat, electrical current, ischemia, and trauma (/45). 
High-voltage current causes considerable muscle, vessel, and nerve damage (38,/50, 
152). The extent of cutaneous burns in a low-voltage electrocution does not predict the 
amount of muscle necrosis (139,/41,144,145,147,150,152,157,158,172). Muscle 
compartment syndromes develop secondary to edema and vascular ischemia 
(139, 141,147,152). Myoglobinuria leads to renal failure (see Chapter 8, Section 13. and 
refs. 38, 141, 142, 144, 145, 147, 152, 157, and 158). There is no significant correlation 
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Fig. 37. Explosive device in motor vehicle likely under victim’s legs. Bilateral trau- 
matic amputations. (Courtesy of the Office of the Chief Medical Examiner, Chapel 
Hill, NC.) 


of postmortem blood myoglobin levels and death by electric current (239,240). 
Myoglobin increases after death resulting from autolysis (239). Hyperkalemia also 
occurs (147). Electrical damage of skeletal muscle cell membranes is not immediately 
apparent as grossly visible necrosis (/47,/68). Ischemic effects can be delayed (/41/, 
146,150). Electrically injured tissue can be irregular in distribution and be found at 
sites distant from the visible entry and exit sites (/4/,/46,/48). Although the muscle 
initially appears normal, irreversible electroporaton and thermal denaturation changes 
have already occurred (/46). Later discovery of more extensive muscle necrosis indi- 
cates progression of these changes (/47). Extensive muscle damage from high-voltage 
burns may require amputation (/48,/49,/89, 193,210,230). Gas gangrene has been 
described (241). 

Damage to lungs is rare in electrocution (/57). Blunt pulmonary trauma (e.g., con- 
tusion) is more common (/57,/67). ARDS is a sequela (/45). 

Cases of high-voltage and, rarely, low-voltage electrocution causing direct rupture 
of an abdominal viscus (e.g., stomach, intestine, gallbladder, esophagus) have been 
observed and likened to blast effects (145,176,242,243). A urinary bladder fistula has 
been described (244). Coagulation necrosis of small vessels can cause ischemic changes 
in the bowel (154,242). Paralytic ileus has been observed (/54). Solid organ necrosis is 
usually a consequence of blunt trauma or the direct effects of burns (e.g., liver, pancreas; 
see refs. 157, 167, 210, 242, and 245). Some cases of solid organ damage have been 
attributed to electrical current (246). 
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Fig. 38. Damage to hands indicating explosive (grenade) held. (A) Severely burned hand 
and partly amputated fingers. (B) Traumatic amputation of hand. Exposed radius—ulna. 


DC (e.g., lightning) and high-voltage Ac can either throw an individual or result in 
a fall owing to an intense muscular contraction ( ). 
In a lightning strike, there is no prolonged duration of contact from tetanic muscle con- 
tractions as seen in AC electrocution ( ). The high temperature of an arc 
flash rapidly heats air, causing a blast effect that throws the victim ( ). 

Head injury occurs ( ). Central nervous system sequelae occur 
irrespective of whether the head was in the apparent pathway of the electric current 
(38 ). Cerebral anoxic injury results from cardiorespiratory arrest 
( 174). Cerebral vein thrombosis has been observed (247). Long-term 
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Fig. 39. Explosion. Projectile injury. (Courtesy of the Office of the Chief Medical Examiner, 
Chapel Hill, NC.) 


neurological and psychiatric sequelae occur without central nervous system tissue injury 
(38,147,247). Long-term spinal cord damage has been attributed to low- and high-volt- 
age electrocution (38,178,248). Following a lightning strike, the victim loses conscious- 
ness because of cardiorespiratory arrest, which is transient and responds to resuscitation 
(147). Subsequent behavioral changes and amnesia have been observed (/43). 

Muscle spasm from AC causes cervical spine and long bone fractures and disloca- 
tions (e.g., shoulder /38,144,145,147,152,157,161,210,249,250]). Bony injury also 
results from falls (/52,/58). 


7.5. Microscopy and Trace Evidence 


Microscopy of electrocution contact sites shows vacuolization of epidermis and 
dermis, subepidermal blistering, elongation of epidermal cells, nuclear streaming, and 
eosinophilia of dermal collagen (/6/,170,207,209,251,252). If burned, superimposed 
charring is evident. Calcium deposition can occur in skin injured by electricity (Dc or 
AC in animals and humans /253—256/). Heterotopic bone formation in soft tissues has 
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Fig. 40. Blast effects. (A) Singed hair. (B) Cutaneous burns; exteriorized bowel. 


been described as a consequence of major electrical injury (147). Metal contacts leave 
ultrastructural and histochemical evidence of metallic deposits (e.g., copper, iron) on a 
burned or intact area of skin (/¢ 5 ). Elemental analysis can con- 
firm metal deposition (228). The contact source or conductor may show evidence of 
biological material (i.e., DNA analysis /259/). 


8. EXPLOSIONS 


8.1. Mechanisms of Injury 


“Blast” injury refers to the biophysical events and consequent pathophysiological 
changes occurring as a result of the effects of detonation and generated shock waves (260). 
Explosive forces decline rapidly from the blast source ( ). Chemical explosions 
involve condensed reactants, which are of either low-order (<16 psi or Ib/in.”) such as fire- 
works, or high-order (e.g., dynamite /2¢ /). Diffuse reactant explosions involve a 
mixture of gas and/or particulate material with air (e.g., silo and coal mine explosions 
[ /). An explosion is sparked by either an ignition source (e.g., match), friction, 
Static electricity, or overheating ( ). All manners of death are possible ( ). 

“Pure” blast injury of internal organs can occur without any signs of external 
trauma (260). The direct effects are caused by a shock wave (primary blast injury 
[ /). A fraction of this shock wave is absorbed and propogated as 
a pressure wave in the body ( ). Pressure greater than 300 psi destroys a human 
body (263). From the perspective of wave propagation, body tissues are of high viscos- 
ity, and as the wave passes through different tissues and organs, it is altered (260). 

The most vulnerable parts of the body are air- and gas-containing organs ( ), 
Hollow structures are more susceptible because of the bursting effect by stress waves, 
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Fig. 41. Blast effect. Pleural surface of right lung; pulmonary hemorrhage. 


which concentrate at the interface between media having large differences in density 
( ). This is enhanced when a pressure wave breaks out of a liquid medium into a 
gaseous environment (e.g., alveoli, GI tract; refs. 3, and ). Lung injury occurs 
if the chest wall is depressed at a velocity of at least 20 m/s (46 mph) in less than 0.5 ms 
( ). Blast forces also generate shear waves, which grossly distort or overcome the 
normal elasticity of tissue and organs by differential motion of adjacent, connected 
structures (26/). Solid organs are susceptible to this type of acceleration—deceleration 
mechanism (275). An underwater blast exerts its injurious effects over greater distances 
than an air blast (260). 
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Table 4 
Blast Injuries 


External injuries 

Total body disintegration indicates high-order condensed explosive at close range 

(260,262,263,274) 

Mangling of body near explosion with parts of extremities amputated (262,274). 

Craniofacial injuries, if suicide (267). Lower limb amputations typical of standing or 

seated individual (Fig. 37; ref. 277). Hand injuries, if explosive device held (Fig. 38; 

refs. 267, 271, 278, and 279) 

Projectile injury (263,265,274; Fig. 39) 

Punctate lacerations (274) 

Dust tattooing (274). Black soiling from explosive materials (263) 

Injury from fallen rubble (274) 

Burns (flash burns and singed hair seen on victims in immediate vicinity; see Fig. 40 

and ref. 274) 

° Propulsion of victim into other structures leading to secondary injuries (277) 

Skull fractures (265) 

CNS hemorrhages (meninges, brain, nerve roots /260/) 

Retinal hemorrhage (271) 

Eardrum rupture (a primary blast effect /260,271,272,275,276,280,281 /) 

Facial fractures (265) 

Neck laceration and laryngeal fractures (265) 

Rib fractures (265) 

Lung (primary blast effect; see Fig. 41 and ref. 28/) 

° Lacerations, hemorrhage (unless respiratory passages are obstructed by blood leading to 
asphyxia) does not necessarily cause death, survivors can progress to adult respiratory dis- 
tress syndrome (see Chapter 1, Subheading 4.3. and refs. 260, 261, 265, 271, 276, and 280) 

e Pleural and subpleural hemorrhages (occur at areas of stress concentration— posterior 
surface of lungs, adjacent to heart, and diaphragm /26/ /) 

° Acute emphysema, subpleural bullae, tension pneumothorax (26/) 

e Air embolism (see Chapter 5, Subheading 14.3.; Chapter 7, Subheading 12.1.;Chapter 
8, Subheading 12.4.; and ref. 261). 

Cardiac dysrhythmia (282) 

° Bradycardia (vagal reflex from pulmonary injury [260,283 /) 

° Commotio cordis (possible when blast victims have no obvious fatal injury; see 
Chapter 8, Subheading 6.4. and refs. 260 and 26/) 

Myocardial hemorrhage (260) 

Cardiac laceration (275) 

Aortic laceration (265) 

Hepatic laceration (265,275,276) 

Esophageal, gastric or intestinal perforation (also intramural hemorrhage, transection of 

fixed parts [260,265,271,276,280]) 

Gallbladder rupture (275) 

Kidney laceration (265,275) 

Urinary bladder rupture (271,275) 

Splenic laceration (265,275) 

Adrenal laceration (275) 

Upper and lower extremity fractures, spinal fractures (260,265,271) 


° 


° 


° 


° 


° 


° 


° 


CNS, central nervous system. 
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Other mechanisms of injury include penetrating trauma by secondary missiles that 
can travel great distances (secondary blast injury), displacement of victim by blast wind 
(tertiary blast injury), burns from flash or structural fires, exposure to noxious gases, 
and crush (260,261,263,265—272,276). If there is a fire, the leading edge of the flame 
travels up to 200 m/s (450 mph) following the blast (266). 

Explosions are associated with characteristic injury patterns (Table 4). 


8.2. Steps in Examination of a Blast Victim 


Recovery of all body parts and clothing (263). Clothing is submitted in either airtight 
containers (e.g., unused paint can or in bags composed of nylon, polyester, or 
polypropylene /263,284,285/). 


Note direction of projectile injury (263). 


Examination of hands to determine whether victim’s hand was holding explosive 
(267,271,278,279). 

Collection of explosive residue, burned (black or gray) and unburned (yellow, brown, 
gray material). Swabs of skin, grossly soiled or without visible residue, and also hands 
(267). Collection of hair, fingernail scrapings (263,284). Negative control swabs are 
also submitted (254). 


Collection, from skin surface and within wound tracks, of radiolucent material that may 
be part of explosive—e.g., paper fragments, wood, plastic (263,267,284). Other foreign 
material could be part of surroundings (284). 


Full-body photographs. 


Full-body radiographs (267,284). All radiopaque fragments must be collected. These 
can be components of an explosive device, parts of a body prosthesis, or metallic struc- 
tures from the surroundings (e.g., car). Radiographs are repeated to ensure that all frag- 
ments have been recovered (263,284). 


Toxicological analysis. COHb may be elevated in a CO-rich environment (e.g., coal 
mine explosion /265,266/). 
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Chapter 5 


Bodies Recovered From Water 


Summary 


Recovery of a body from water does not mean drowning. Other causes of death, including 
trauma, are possible. Drowning is a type of asphyxia that involves complex pathophysiological 
mechanisms, which contribute to death. Premorbid conditions (e.g., ischemic heart disease, epilepsy, 
ethanol intoxication) increase the risk of drowning. Despite the complexity of the drowning process, 
associated external and internal findings are few. The lack of specific signs and submersion artifacts 
can hinder the determination of the cause of death in a presumed drowning. Various drowning “tests” 
have been used to assist in this assessment. A bathtub death can be particularly challenging because 
all manners of death occur. A diver’s death, ironically, can be caused by the artificial air supply. 


Key Words: Asphyxia; drowning; immersion; diatoms; hypothermia; diving. 


1. INTRODUCTION 


Finding a body in water poses a challenge for the pathologist and other investiga- 
tors determining the cause and manner of death (/—5). All manners of death are possi- 
ble (6). Drowning is one of the leading causes of death associated with an undetermined 
manner (7). Information about the circumstances preceding the drowning —i.e., how the 
victim became submerged—are lacking in many cases, because the events prior to sub- 
mersion are unwitnessed (/,3,8—10). Witnesses were present in one-half to three-fourths 
of drownings in some series (//,/2). In a review of 1590 bodies found in water, 37.3, 
30.8, 12.4, 11.9, and 5.3% of the accidents, homicides, suicides, natural deaths, and 
undetermined cases, respectively, were witnessed (overall = 25.3% /3/). More than half 
the witnessed cases had a single uncorroborated witness, which raised issues about the 
nature of the relationship between the witness and victim. Even multiple witnesses pro- 
vide contradictory observations. A small percentage (6.9%) of undetermined cases, in 
one series, were witnessed, but investigators were still uncertain whether entrance into 
the water was accidental or deliberate (7). 

The majority of submerged bodies, including those of undetermined manner, have 
been classified as drownings (5,7,/3). Although the likelihood is that the cause of the 
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death in a submerged body is drowning, other potential causes of death (disease, trauma) 
need to be considered (see Headings 5-7. and refs. /, 9, /0, and /4—16). The postmortem 
diagnosis of drowning requires exclusion of these other possibilities, with the realization 
that during the agonal stages of natural and other types of unnatural deaths, aspiration of 
water does occur (2,4,7,/7—20). An autopsy is essential in the determination of the cause 
and manner of death (2/,22). Determination that the victim was alive on entering the 
water and consequently drowned is based on the various nonspecific external and inter- 
nal findings; however, these observations, coupled with the circumstances of the death, 
support drowning as a cause of death (/,3,5—10,19,20,23,24). The determination of 
drowning is hindered by a prolonged submersion interval, and decomposition alters and 
obliterates the few pathological findings available (/0,25—27). Pathologists also need to 
address why the victim was unable to survive in the water (/). Despite the paucity of 
postmortem findings, drowning involves complex pathophysiological mechanisms 
dependent on the various factors related to the victim and the scene. 


2. EPIDEMIOLOGY AND CIRCUMSTANCES 
2.1. Manner of Death 


In a study from Finland of 1590 bodies recovered from water, 56.2% were classi- 
fied as accidents, 23.8% as suicides, 16.5% as undetermined, 0.8% as homicides, and 
2.6% as natural (3). A 4-yr study of 123 bodies recovered from New York City water- 
ways showed 42% were suicides, 41% undetermined, 13% accidents, and 4% homi- 
cides (5). An interstate study of 1201 submersion cases included 11% of undetermined 
manner (/3). The manner of death is also dependent on the legal standard of proof, 
which varies in different jurisdictions (7). 

Various studies have shown that cases considered as drowning (as opposed to bod- 
ies recovered from water in which the cause of death is not necessarily drowning) in all 
age groups are accidental in about 90% of cases (4,/3,15,28—30). Suicides comprise most 
of the remainder of cases, although some studies outside North America have shown a 
higher incidence (see Heading 3. and refs. 4, 9, 13, 18, 24, 28, and 3/—34). Homicides 
are uncommon (13,/5,28,30,33,35,36). One series found no cases of women younger 
than 30 yr committing suicide, meaning that accident and homicide needed to be 
excluded (37). 


2.2. Groups at Risk 


Drowning victims are predominantly male (>65% //1—13,28,30,33,38-48/]). A 
male predominance likely reflects that males are more active and risk-taking in water 
(42). 

Drownings typically occur in the summer months, more frequently in rivers, lakes, 
ponds, and creeks (//—13,32,38,44,45,48). In northern climates, snowmobiles and 
motor vehicles break through ice (44). Swimming, diving, and wading are common 
activities associated with drowning (/2,25,30,44,49,50). Men in their late teens and 20s 
are at risk (11,12,30,44,45,47,48,51). Many swimmers who drown are teenagers (/3). 
Drugs and alcohol are factors, particularly when there is limited adult supervision of 
teenagers (29,39,41,45,48,52). Most drowning victims can swim, implying that other 
factors (e.g., ethanol intoxication) are involved (/3). Other “normal” activities associated 
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with drowning include fishing, motorboating, and bathing (/2,25,33). Drowning of 
older males occurs more frequently when associated with certain activities (e.g., fish- 
ing, motorboating //2,/3,47/]). Most of these individuals are not wearing life jackets 
(13,19,44,45,47). Hazardous activities occur in watercraft accidents (overcrowding, 
speeding, reckless driving //9,45/). Inadvertently entering the water (e.g., motor vehi- 
cle crashes, falling into water) also causes drowning (/3,30,32,35,44). Ethanol intoxi- 
cation may be a factor (19,47). These victims are found fully or partly clothed and not 
wearing a swimsuit (4/). Investigators need to exclude the possibility that an individual 
deliberately entered the water (4,37). 

Children are at risk for drowning (28,43,44,47,48,53). Children, particularly those 
younger than 2 yr old, are vulnerable (54-56). Lacking fully developed motor skills and 
balance, they cannot extricate themselves from a dangerous situation (55). They are 
unable to swim, cannot vocalize loudly, and struggle minimally (55). Swimming pool 
immersion risk is dependent on the prevalence of swimming pools, which is dictated by 
climate (43,44,57). In cooler climates, drownings tend to occur in natural bodies of 
fresh water (48). 

At home, swimming pools and bathtubs are hazardous settings for infants (see 
Subheading 13.1. and refs. //, 13, 29, 38-40, 53-56, and 58-60). Children less than 
1 yr of age are at risk for bathtub drowning; infants older than 1 yr have a higher risk of 
drowning in a pool. Children are at higher risk of drowning in inground pools compared 
with aboveground pools (6/). The highest risk in young children is within the first 6 mo 
after a pool is installed (62). Toddlers may be simply playing near the pool edge rather 
than wading (/2,39,55,57,63). A similar scenario is seen with infants playing near the 
surf at a beach (46,64). Stepping onto solar pool blankets is a potential hazard for chil- 
dren (48). 

Lack of adult supervision around swimming pools, especially those at private resi- 
dences, has been noted (//—13,19,42,48,57,60,63,65,66). Supervising adults may be 
intoxicated (48). Although adult supervision around pools was present in 84% of cases 
in one series, only 18% of the adults witnessed the incident, suggesting a momentary 
lapse of attention (67). The proximity of adults means that immersion time is usually 
only minutes, and resuscitation is initiated quickly (39,57). The survival rate for a child 
losing consciousness in a swimming pool was 65% in one series, compared with 21% 
in children immersed in a river or creek (40). 

Lack of pool barriers is also a factor (13,29, 38,39,45,48,56,58-61,63,65,68,69). 
Fences may be inadequate (e.g., gate lock broken, gate propped open for ease of access 
[42]). The presence of inadequate fencing gives parents a false sense of security, 
decreasing their vigilance and delaying the extrication time of the victim (6/). 

Drowning in public pools usually involves teenagers, even when lifeguards are 
present (/3). A lack of supervision may also be a factor in adult drownings (49). Older 
children who drown in pools may be unrecognized in a crowd of swimmers (6/). 

Some studies have noted a high incidence of drowning in 5-gal buckets 
(38.53.55.56). Toddlers, because of a high center of gravity, are prone to falling into 
buckets (53.70). The at-risk age is 8 to 15 mo (71). In most cases, the buckets involved 
have been used for general cleaning or for dirty diapers (53,70). They are filled to at 
least 10% of capacity, usually with water (53,70). Some contain detergent, cleaner, or 
bleach (70). Bucket heights range from 34 to 38 cm (14 to 15 in.), and the height of the 
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victim is 67 to 79 cm (27 to 32 in. /53,55,70/). The buckets may contain items (e.g., 
toys, clothing) that attract a child’s attention (70). The buckets typically are sturdy and 
do not tip easily even when empty (53,70). Infants have less developed motor control, 
and, after falling into the bucket, they cannot extricate themselves (53). In some cases, 
a sleeping infant has rolled into a liquid-filled bucket (70). 


3. SUICIDE BY DROWNING 


In various series, the following information has assisted in the determination of 
suicide: witnesses; a suicide note and suicidal ideation; a history of cancer or terminal 
illness (known or perceived); recent bizarre behavior or depression; and associated self- 
inflicted wounds (see Table | and ref. 3). A scene finding supportive of suicide is the 
observation of clothes and personal effects found stacked neatly by the water (4,3/). An 
individual’s shoeprints or ski tracks in the snow at the water’s edge suggest deliberate 
entry into cold water (3). There are unusual scene findings that are suspicious (e.g., 
weights attached to a body, a couple who were tied together at the waist; see Fig. 1 and 
refs. 4 and 37). 

Identification of a submerged body assists in the determination of a suicide (/,5). 
Once identified, a psychiatric history is helpful (7). Even if there are findings sugges- 
tive of suicide (e.g., horizontal wrist scars, toxicological detection of certain medica- 
tions), without a proper identification, access to additional information is not possible 
(see Subheading 8.1.). Caution is required in interpreting suicide-like circumstances and 
past history (e.g., suicide attempts, mental disorder) in assessing the manner of death 
(7). Suicide is the only manner of death that requires the demonstration of the victim’s 
intent. 


4, MECHANISMS OF DEATH FROM WATER SUBMERSION 


4.1. Drowning (“Wet”’ Drowning, “Classical” Drowning) 


Drowning is defined as the entry or aspiration of fluid through the nose and mouth 
into the respiratory tract (6,16,47,48,58,73—76). The definition excludes aspiration of 
vomit, blood, saliva, bile, or meconium (73). “Wet” drowning occurs in about 80 to 90% 
of cases (see Heading 10. and ref. 75). Complete submersion is not necessary for drown- 
ing to occur. An intoxicated, unconscious, epileptic, or very young individual can drown 
in as little as 5 to 6 cm (2 in.) of water, if fluid covers the mouth and nose (77). The 
major consequence of drowning is hypoxia (47,48,78—84). The volume and composi- 
tion of the drowning medium determine the pathophysiological mechanisms leading to 
hypoxia and eventual cardiac arrest (47,74,78,81,85,86). 

The description of the events during drowning are based on witness accounts, 
human studies, and animal experiments (S). When there is complete submersion with- 
out surfacing, a sober victim voluntarily holds his or her breath (55,60,76). This can be 
enhanced by movements of the respiratory muscles and swallowing against a voluntar- 
ily closed glottis (60,87). A large volume of water can be swallowed (58,60, 76,87). 
Vomiting follows, with the risk of gastric content aspiration (55,60,73,88). Concurrent 
struggling occurs. Children either struggle for 10 to 20 s or sink calmly; adults can 
struggle up to 60 s (58,73,76). Breath-holding persists until there is an uncontrollable 
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Fig. 1. Suicidal drowning. Weight attached to body. 


urge to breathe (“break point’), and an involuntary gasp results ( ). During the 
period of breath-holding, the victim is unable to cry for help ( ). The mean dura- 
tion of voluntary breath-holding is about 1.5 min in trained individuals compared with 
about 1 min in the average person (89). The duration of breath-holding is decreased 
when the victim is immersed in cold water (see Subheading 4.5. and ref. 60). 
Following the involuntary gasp, variable laryngospasm occurs when water con- 
tacts the glottis ( ). More water can also be swallowed at this stage (47). 
When water is inhaled, a parasympathetic (vagal) reflex causes peripheral airway con- 
striction and increased resistance, resulting in reduced lung compliance (see 
Subheading 4.3. and refs. 58, 6 , 90, and 9/). Intrapulmonary shunts are created in 
fresh and salt water submersion by different mechanisms. Inhaled water, contacting the 
alveolar membrane, affects surfactant ( ). Experimental studies of dogs showed 
hyperosmolar, i.e., osmolarity greater than human plasma (e.g., sea water), and iso- 
osmolar saline solutions dilute or wash out surfactant ( ). Fresh water, chlo- 
rinated or nonchlorinated, damages the alveolar membrane and decreases surfactant. 
Impurities in water (dirt, sewage, detergents) are also injurious (see Subheading 4.4.). 
Alveolar collapse (atelectasis) leads to intrapulmonary shunting and ventilation—perfu- 
sion mismatch ( ). Disturbed pulmonary reflex responses are of 
prime importance in the clinical setting (73,83). In saltwater drowning, intrapulmonary 
shunting results when fluid is drawn from the circulation into the alveolar spaces 
( A ). Pulmonary edema occurs not only in saltwater drowning but also in 
freshwater submersion. Although fresh water is absorbed rapidly into the circulation, 
hypoxia depresses cardiac function. This and altered alveolar capillary permeability 
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result in an alveolar transduate (84,93,94). The evolution of hypoxia is multifactorial, 
arising from reduced ventilation owing to laryngospasm, large airway obstruction by 
froth (edema fluid mixed with water and air), mucus and foreign material, airway con- 
striction, atelectasis, and intra-alveolar edema (60,74,75,90). No difference in survival 
has been observed in fresh and saltwater drownings; however, rescue services may be 
better on coastal shores, compared with inland bodies of water, meaning expeditious 
resuscitation and survival (46,73,88). 

Although pulmonary edema is common, changes in blood volume and electrolyte 
disturbances, as seen in animal experiments (hemoconcentration in saltwater cases; 
hemolysis, hemodilution, hyponatremia, and hyperkalemia in freshwater aspiration), 
are usually insignificant in the clinical setting (47,50,58,60,78,50—82,85,58,92,94—-97). 
Generally, the cardiovascular and pulmonary changes associated with the aspiration of 
water are not dependent on its tonicity (98,99). Changes in intravascular volume in fresh 
and saltwater drowning are transient in the clinical setting, owing to the body’s compen- 
satory mechanisms (47). Electrolyte imbalance can arise from aspiration of large vol- 
umes of water. In animal experiments, large volumes (44 mL/kg or 20 mL/Ib) of fresh 
water does cause electrolyte disturbances and hemolysis, but this quantity is unlikely to 
be aspirated in humans (2,73, /00). Research has shown that inhalation of 22 mL/kg (or 
10 mL/Ib) is associated with normal electrolyte levels (74,78). This was observed in dog 
experiments, which showed that electrolyte changes were transient and ventricular fib- 
rillation from hyperkalemia did not occur (82,95). One study of drowning victims in 
fresh and salt water showed that 15% of individuals had inhaled more than 22 mL/kg 
(10 mL/Ib) of water, causing significant changes in chloride levels in the left ventricle 
(SO). Ventricular fibrillation caused by electrolyte disturbance is uncommon in the clinical 
setting (85,58,95). In animal research, aspiration of 2.2 mL/kg (1mL/Ib) of water causes 
hypoxia within a few minutes (58,73,76,82,85,92—94). Aspiration of small amounts of 
water is applicable to near-drowning. There are clinical reports that describe abnormal- 
ities resulting from volume and electrolyte changes. For example, significant hemolysis 
can trigger disseminated intravascular coagulation (DIC //0//). Changes in electrolytes 
owing to saltwater aspiration are a function of the volume and concentration of the 
medium (79). Very salty water (e.g., submersion in the Dead Sea) can lead to serum 
electrolyte changes, but pulmonary pathophysiological complications are still para- 
mount in the clinical management (/02). 

After the first submerged breath and aspiration of water, secondary apnea follows 
within seconds (60). There is involuntary gasping under water for several minutes, 
culminating in respiratory arrest (SS). Increasing hypoxia leads to arrhythmias, cardiac 
arrest, and eventual brain death, if resuscitation is not timely. Unconsciousness from 
cerebral hypoxia happens within 3 min of involuntary submersion (/03). The duration 
of hypoxia leading to irreversible cerebral damage is age-dependent. Witnessed 
accounts of immersion time in fatal drownings are estimates at best, and vary depend- 
ing on age and water temperature (e.g., 3-10 min, if water temperature above 15—20°C 
[59-68°F]; survival of some children, and even return of normal neurological function, 
following 5—40 min of immersion in water at 0-15°C [32—59°F]; see Subheading 4.5. 
and refs. 60, 76, and /03). A study of bathtub immersions showed survival of children 
who were submerged from 3 to 5 min (median 4 min), and deaths when the immersion 
time ranged from 3 to 20 min (median 5 min /77/). 
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4.2, Underwater Swimming and Breath-Holding 


The “break point” —1.e., the irresistible urge to breathe —is stimulated by a com- 
bination of rising arterial carbon dioxide (PaCO.,) and decreasing arterial oxygen (PaO,) 
(89,104). The average PaCO, at the break point is 60 mmHg, and the PaO, is about 80 
mmHg (58,/04). Hyperventilation lowers PaCO, to less than 50 mmHg. If a swimmer 
hyperventilates and holds his or her breath while doing strenuous activity —i.e., swim- 
ming underwater— unconsciousness from hypoxia (PaO, < 60 mmHg) can occur before 
the break point from increased PaCO, is reached to stimulate breathing (8,58,60, 
78, 105-107). Consequently, drowning occurs. Trained swimmers have a greater toler- 
ance of hypercapnia and, if preoccupied with a goal (e.g., swimming a certain number 
of laps underwater), can consciously exceed the break point (/06,/07). Hypercapnia 
also contributes to arrhythmia (89). 


4.3. Sudden Death From Submersion (Dry Drowning, 
Immersion Syndrome) 


In about 10 to 20% of cases, the findings of “wet” drowning (pulmonary conges- 
tion, froth in respiratory tract) are absent because aspiration of water into the lungs does 
not occur (6,5,58,74—76,86). Severe glottic spasm was thought to be the mechanism pre- 
venting entry of water into the lungs (6,8,47,55,60, 74, 76,86). 

Witnesses have described scenarios in which the victims have been swimming or 
wading or fall into water and then quickly disappear without a struggle (2,//,/5, 
17-19,78,108). Even with prompt removal from the water, death is immediate. In one 
study of 34 cases for which information was available, one individual surfaced twice, three 
surfaced once, and 30 did not surface (//). Apnea can stimulate carotid-body chemorecep- 
tors, contributing to a vagally mediated cardiac arrest (see Subheading 4.1. and ref. /09). 
The amount of aspirated water may be small, and cardiac arrest precludes further aspira- 
tion of water (6,8,58,76,/08). Sudden stressful entry into the water could potentiate a 
vagally mediated cardiac arrest (86). The syndrome particularly affects middle-aged or 
older men who have ingested nonlethal amounts of ethanol (2,/5,/8,//0). Underlying car- 
diac disease could increase the risk of sudden collapse (see Heading 7. and ref. 78). Certain 
individuals may be predisposed to cardiac conduction abnormalities and drown (///). 


4.4. Near-Drowning 


Drowning implies death at the scene (75). Near-drowning is defined as survival for 
a period of time following resuscitation and treatment (6,32,47,48,56,73,75,87,97). 
Death is causd by complications (e.g., adult respiratory distress syndrome, pneumonia, 
sepsis, hypoxic—ischemic encephalopathy, cerebral edema, DIC; see Chapter 1, Subheading 
4.3. and refs. 58, 60, 76, 87, and 1/2). “Secondary drowning” refers to a victim who 
initially responds well to resuscitation but then suffers respiratory decompensation (46). 
A proposal to abandon this term has been made (75). Secondary drowning is also applied 
to a victim drowning after collapsing into water from an illness or an accident (e.g., fall 
[47,48,73,78]). 

Pulmonary complications arise without a loss of consciousness or cessation of 
breathing (87). Alteration of surfactant can continue after apparently successful resus- 
citation following aspiration of fresh or salt water (76,87). Fulminant pulmonary edema 
and alveolar damage develop up to 12 h after a near-drowning incident (76,57,88). The 
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drowning victim is at risk for aspiration of gastric contents (see Subheading 4.1. and 
refs. 87 and //3). Aspiration, inhalation of foreign material, and infection contribute to 
adult respiratory distress syndrome (48,59). Hypoxemia leads to multiple organ injury 
despite mechanical ventilation (59). Surfactant loss or alteration, atelectasis, increased 
intrapulmonary shunting, ventilation—perfusion mismatch, and pulmonary edema con- 
tribute to hypoxia. About one-third of all near-drowning survivors have been observed 
to have moderate to severe brain damage (87). Cold-induced or trauma-associated rhab- 
domyolysis may result in acute renal failure (see Chapter 8, Heading 13. and refs. 57 
and 97). Hypoxia contributes to the development of acute tubular necrosis (97). 

Favorable prognostic factors in near-drowning cases include young age, relatively 
short (<10 min) submersion, submersion in cold water (<10°C), absence of aspiration, 
prompt basic life support, short resuscitation duration (<10 min), rapid return of spon- 
taneous cardiac output, consciousness on admission, presence of pupillary responses, 
and a core body temperature of less than 33 to 35°C (91-95°F /59,87,/14]). None of 
these factors is absolutely predictive; therefore, full resuscitation is recommended for 
all near-drowning victims (87,/ 15). 

Near-drownings are more frequent than drownings (58,//6). In various series of 
drowning fatalities, immersions have been too long for successful resuscitation to occur. 
In one study, immersion time was up to 30 min in only 22% of deaths (30). 


4.5. Immersion in Cold Water 
4.5.1. Cold-Shock Response 


Sudden immersion in cold water can initiate cardiorespiratory reflexes lasting 
about 2 to 3 min (87,117). 

For a healthy person, the respiratory response represents the greatest threat to sur- 
vival (1/7). A rapid decrease in skin temperature directly stimulates the respiratory 
drive through afferents from peripheral cold receptors and reaches a maximum in water 
at about 10°C (50°F ///7,/18/]). The response can be heightened in a lightly clothed 
individual (//9). Further reducing the temperature to 0°C (32°F) does not increase the 
magnitude of the response (/20). In an adult, an initial gasp is followed by uncontrol- 
lable hyperventilation (17,74,87,/17,118,121). The resulting reduction in arterial CO, 
tension can lead to ventricular arrhythmia (//7). The reduction of maximum breath- 
hold times of normally clothed individuals to less than 10 s increases the possibility of 
water aspiration in turbulent water (/7,87,/17). Asynchrony occurs between the action 
of swimming and breathing, resulting in cold-water swim failure (87,/17). Vigorous 
movement (e.g., flailing) and consequent vasodilation enhances heat loss (60). 

The initial cardiovascular response reflects sympathetic activation and is charac- 
terized by peripheral vasoconstriction, tachycardia, and increased cardiac output 
(17,87,117,118,121). Increased heart workload and catecholamine levels can result in 
arrhythmias, particularly in older victims with cardiovascular disease (see Subheading 
4.5.3. and refs. 17, 96, 97, and 1/7). Complete submersion in cold water following 
breath-holding can increase the frequency of supraventricular arrhythmia (/2/). 


4.5.2. Hypothermia 


Sustained immersion beyond 30 min in cold water leads to hypothermia, defined 
as a body temperature less than 35°C (95°F /87,/17/). Even in water at 5°C (41°F) for 
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15 to 30 min, hypothermia is unlikely in a healthy clothed adult immersed head-out 
(122). Reduction of blood flow to the skin by peripheral vasoconstriction and increased 
heat production by shivering conserve heat. In laboratory conditions, the core body tem- 
perature of an average head-out adult falls to 35°C (95°F) after 1 h in water at 5°C and 
after 3 to 6 h in water at 15°C (59°F /87/). Historical information suggests that 90 to 
120 min is close to the upper limit of survival in water at 0°C (32°F //20/). In real life, 
heat loss from an unprotected head is enhanced by wind and evaporation (87). Cooling 
is faster if the head is submerged. Ethanol, despite its vasodilatory effect, does not nec- 
essarily increase heat loss, although individuals do feel warm (/3,/4,/7,60,123). 
Ethanol does reduce shivering during and after submersion (/23). 

As the core body temperature drops from 34°C to 30°C (93-86°R), the level of 
consciousness progressively diminishes (S7,//2,/20). As this occurs, water is aspirated 
unless the victim’s head is held above water by a life jacket. Shivering is pronounced 
until the body temperature reaches 29°C (84°F). Swimming becomes ineffective (87). 
Ventricular fibrillation occurs when the core temperature reaches below 28°C (82°F), 
and asystole follows at about 24 to 26°C (75-—79°F). Cerebral activity ceases at 22°C 
(72°F). 

“Circumrescue collapse” refers to victims of immersion in cold water who col- 
lapse during or shortly after rescue (87,/16,/24). This has been observed in water up to 
18°C (64°F). Immersion compresses peripheral veins of the lower extremities. Blood is 
redistributed to the upper part of the body (“immersion response” //25/). Increase in 
central blood volume promotes diuresis and eventual hypovolemia. In cold water, 
peripheral vasoconstriction exacerbates blood volume redistribution. When an individ- 
ual is lifted from the buoyant environment of water, the body experiences the full effects 
of gravity. Pooling of venous blood occurs in the lower extremities, decreasing venous 
cardiac return. Reflex tachycardia increases demands on the heart and may not be tol- 
erated if cardiac function is compromised by hypothermia and myocardial ischemia, 
particularly if there is coronary atherosclerosis. In a vertical position, more cardiac 
effort is required to circulate blood to the brain. The outcome is ventricular fibrillation. 
Physical exertion by the victim to assist in the rescue increases metabolic demands on 
the heart. “Rewarming collapse” refers to a drop in arterial pressure when vasoconstric- 
tion subsides during rewarming in victims who are hypovolemic because of cold diure- 
sis (124). 

In some cases of prolonged submersion in water cooler than 10°C (50°F), the 
chance of survival is enhanced by hypothermia. This is observed mainly in children and 
adolescents, although adult survivors have been described (47,48, 75,113,116). The 
rate of hypothermia onset is critical. The normothermic brain suffers irreversible 
hypoxia if subjected to acute asphyxia longer than 10 min (/22). Unlike controlled 
hypothermia in a medical setting, accidental hypothermia is variable (//6,/26). For sur- 
vival to be possible, hypothermia must occur rapidly before severe hypoxia develops 
from cardiac dysfunction (59,87). Children cool faster because of a greater surface-area- 
to-mass ratio and a thinner subcutaneum, but reduction of their body core temperature 
to 24 to 25°C (75-77°F), under controlled conditions (e.g., open heart surgery), still 
takes about 30 min, too long a period to cool the brain and protect it from drowning- 
induced hypoxia (59,60,87,/26). The degree and rate of body surface cooling, as 
described, are not enough to be protective (122). Although absorption of aspirated and 
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swallowed cold water into the circulation is used to explain a more rapid loss of core 
temperature, absorption of a large amount of water occurs only in a minority of cases 
(60,57,96,122). A person would need to ingest cold water amounting to 20% of body 
mass to reach a body temperature of 30°C (/22). A diving response may occur in the 
first 10 min of submersion followed by hypothermia, and in tandem, these physiologi- 
cal processes may allow survival (/22). 


4.5.3. Mammalian Diving Response 


The cold-shock response predominates in most instances of cold water submer- 
sion, but about 15% of individuals manifest a diving reflex (see Subheading 4.5.1. and 
ref. 122). The reflex is more pronounced in children and diminishes with age 
(28,58,76). The reflex is enhanced as the water becomes colder (/22). There is debate 
as to whether the “mammalian diving response,” either alone or in combination with 
hypothermia, protects the brain from hypoxia during cold water submersion 
(48, 76,116,122). Immersion of the face in cold water stimulates the ophthalmic divi- 
sion of the trigeminal nerve, and within seconds leads to apnea from reflex inhibition 
of the respiratory center in the medulla (28,58,76,117,122,127). Facial sensory input 
and respiratory center inhibition elicit a cardiovascular response, i.e., generalized 
peripheral vasoconstriction and bradycardia, mediated by sympathetic and vagus 
nerve stimulation, respectively (/22,/27). Breath-holding can further enhance brady- 
cardia (/22,/27,128). The response is also enhanced by fear, but anxiety-induced 
tachycardia can diminish it (28,/22). Autonomic nervous system degeneration (e.g., 
diabetic neuropathy) and central nervous system depression (e.g., ethanol) blunt the 
response (/22,/27). Established bradycardia and shunting of blood from the periph- 
ery to the brain and heart occur within 30 s, before consciousness is lost (76,/22). 
Redistribution of blood supply from the periphery to the vital organs and the degree 
of bradycardia are enough to protect the brain from hypoxia (28,58, /1/7,/22). Apnea, 
as opposed to voluntary breath-holding, prevents aspiration of water. Cold water, 
approaching 0°C or 32°F, has been associated with a greater incidence of cardiac 
arrhythmias (28,127). 


5. OTHER MECHANISMS OF DEATH DURING WATER SUBMERSION 


Diving: Of all water-related activities, diving into water causes the most spinal cord 
injuries, particularly in males aged 20 yr and younger (8,45,47,78). Contributing 
factors include diving inexperience, unfamiliarity with the area, and ethanol con- 
sumption (47). 

Falls into water: About one-fourth of drownings in a Maryland study involved activities 
not normally associated with drowning (fishing at the water’s edge, playing, walking 
near water ////). Lack of lifelines played a role in deaths of workers. 

Struck by boat or hit underwater hazard: Head trauma with unconsciousness is a 
consequence (J//). 

Entrapment underwater (e.g., entanglement [47/). 

Electrocution (see Subheading 13.6.; Chapter 4, Heading 7.): Electrical burns are 
absent. The electric shock may be nonlethal but causes muscle paralysis, inhibiting the 
ability to swim. Death is caused by drowning. 

Motor vehicle crash into water: Blunt trauma injuries may contribute to death (30,52). 
Minor head injuries could cause a transient loss of consciousness (30,52). 
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¢ Suspicious injuries: Injuries indicative of homicide (e.g., strangulation) or suicide (e.g., 
self-inflicted incised wounds) may be observed (6,8,9,37). 


6. EPILEPSY AND DROWNING 


Epileptics are at risk for drowning (14,32,38,41,45,47,48,66,112, 129-132). Proposed 
trigger mechanisms include light shimmering on water, hot baths, startle effect during 
play, and hyperventilation (see Subheading 13.1. and refs. /29 and /3/). Various stud- 
ies have shown that 3 to 6% of drowning victims have a history of epilepsy (//,/2,30, 
33,131,132). Drownings occur in natural bodies of water and in domestic settings (/32). 
Individuals can fall out of boats during a seizure and drown if they are not wearing per- 
sonal flotation devices (/32). 

In a Canadian study, the duration of the seizure history (9 mo to 39 yr) and the 
time interval between the last seizure before death (1 wk to 15 yr) were not predictive 
risk factors for drowning (/32). In another study, an 11-yr-old girl drowned after having 
had her first seizure (/4). 

Toxicological testing for anticonvulsants usually shows that medications are not 
detectable or in subtherapeutic amounts (/32). Therapeutic levels do not prevent a 
seizure (/4,/32). 


7. OTHER PREEXISTING DISEASE 


When deciding the cause of death, the role of disease must be weighed carefully 
based on the circumstances (/). Underlying disease (e.g., ischemic heart disease) can be 
coincidental or contributory to drowning (8,/1,32,38,49,66). Conduction system abnor- 
malities have been described in drowning victims (/33). Review of clinical records and 
DNA analysis have confirmed a long QT interval in some drowning victims (7). 
Neurological conditions and other diseases can interfere with mobility (9,32). Disease 
may be a precipitating factor in suicidal drownings, particularly those involving the eld- 
erly (see Heading 3. /133/). 


8S. ALCOHOL 


Ethanol intoxication impairs judgment, orientation, reflexes, and motor activity, 
leading to an impaired ability to deal with an unexpected situation (8,/2,/08, 134). 
Impairment is observed even when the blood alcohol concentration is low (20 mg/dL 
or 4.3 mmol/L /108/). The risk of accident increases for all persons when the blood 
alcohol concentration reaches 50 mg/dL (11 mmol/L //08/). Alcohol may enhance 
certain respiratory tract reflexes (e.g., laryngospasm), triggered by exposure to 
water, which contribute to “dry drowning” (see Subheading 4.3. and refs. 76, 1/0, 
and /34). Alcohol consumption without ingestion of food, coupled with strenuous 
activity, leads to hypoglycemia and impaired thermoregulation (/08, 135,136). The 
increase in cutaneous temperature from vasodilation leads to an increased tempera- 
ture gradient between skin and water and a more pronounced stimulation of cold 
receptors (/7). This may enhance cardiorespiratory reflexes, increasing the possi- 
bility of arrhythmia and sudden uncontrollable breathing (see Subheading 4.5. and 
ref. 17). 
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Fig. 2. Woman found drowned in bathtub. Scene investigation revealed empty sleep-aid 
bottle. Toxicological analysis showed elevated but nonfatal diphenhydramine level. 


Various studies of adolescents and adults drowning in different situations have 
shown that about 40 to 60% have toxicological evidence of ethanol ingestion (//,/2,/8, 
32,33,38,41,108). 


8.1. Alcohol and Drugs in Suicidal Drownings 


The presence of toxic or lethal concentrations of medications can assist in the 
determination of suicide (see Table 1; Fig. 2; and refs. 4 and 5). The finding of psychi- 
atric drugs in a deceased person does not necessarily indicate suicide (5). This observa- 
tion can verify a history of depression but not suicidal intent (5). Such medications are 
used for treatment of other illnesses (e.g., migraine, epilepsy /5/). 

In a New York study, 25% of suicide victims were intoxicated (5). Ethanol and/or 
illicit drugs were seen in 41% of suicides. Antihistamines, presumably taken for sleep- 
ing problems, were found in 10% of suicides, but none were found in accidental deaths. 


9. EXTERNAL EXAMINATION OF A SUBMERGED BODY 


Froth (“meringue-like”) is expressed around the mouth and nostrils in a typical 
“wet” drowning (see Headings 10. and 12. Fig. 3; and refs. 6 and /6). Froth can be 
washed away by the action of water before body retrieval, disappear after the body has 
been in the open, or removed before transfer of the body for autopsy (3). Froth may be 
not seen by investigators at the scene (3). In one study, external foam was observed in 
only 19% of cases (3). 
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Fig. 3. “Wet” drowning. Froth from nose and mouth. 


Unzippered pants of an inebriated male who slipped into the water is seen uncom- 
monly (/,9). Finding of material (e.g., weeds, sand) clutched in a victim’s hands sug- 
gests struggling (6). Dirt under the fingernails could indicate the flailing of hands along 
a muddy bottom (Fig. 4). Wrist scars or recent self-inflicted sharp force injuries on a 
drowning victim point toward suicide (see Heading 3. and refs. 9 and /37). Facial or 
scalp blunt trauma means ruling out underlying cranial and cervical spine trauma; how- 
ever, cutaneous injuries are possible when the victim assumes a head-down position and 
scrapes the bottom (see Chapter 2, Subheading 3.3.; Fig. 5; and refs. // and 29). The 
absence of external trauma in an unwitnessed submersion does not mean that drowning 
is the cause of death (/3). 


10. INTERNAL EXAMINATION OF A SUBMERGED BODY 


Certain findings, although nonspecific, support aspiration of water (i.e., wet 
drowning; see Subheading 4.1., Heading 12.). 
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Fig. 4. Dirt under fingernails could suggest the victim’s hands were scratching the muddy bed 
of the creek she entered, but postmortem extrication artifact would need to be excluded. 


Fig. 5. Facial abrasions and periorbital bruising. Body found floating head-down near 
rocky shore. 
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10.1. Pleural Effusions 


A total of 80 mL or more of pleural fluid (i.e., 240 mL in each pleural cavity) is 
found in nondrowning cases (e.g., intoxication, strangulation, smothering, stabbing 
[138]). The origin of the pleural fluid could result from disease, if the autopsy reveals 
underlying cardiac abnormality (e.g., myocardial hypertrophy or scarring //38/). A 
combined weight of the lungs and pleural effusions between 1000 and 2200 g was 
observed in more than three-fourths of cases having a submersion interval of less than 
30 d and assisted the diagnosis of drowning (22). There was no significant difference in 
the actual amount of fluid seen in fresh and salt water drownings in another study (fresh 
water, 521 + 340 mL; salt water, 768 + 536 mL). About two-thirds of seawater and one- 
third of freshwater drownings showing no or early decomposition (i.e., skin maceration) 
had increased pleural fluid (/38). In another study, a slightly higher proportion (38%) 
of seawater drownings had effusions, compared with freshwater cases (33% [24/). 
There was no correlation found between total lung weights and pleural fluid amount in 
fresh and saltwater drownings (24,/38). Average lung weights, with or without an 
increase in pleural fluid, were 1326 + 436 g and 1310 + 358 g, respectively (/38). In 
drowning and nondrowning cases retrieved from water, the total amount of pleural effu- 
sion increases with decomposition owing to passive seepage of the drowning medium 
into the chest but decreases with advanced decomposition (22,24,/38). Levels of more 
than 250 mL in decomposed bodies may favor drowning (/39). The time interval 
between body recovery and autopsy has no bearing on the amount of pleural effusion 
(138). Large amounts of pleural fluid can accumulate even after a short submersion 
interval, but significantly more cases, submerged 8 or more hours, have effusions (67 vs 
39% < 8h /138/). A short submersion interval (<20 min) has been associated with effu- 
sions (24). There are no differences in the amounts of pleural fluid based on sex, body 
weight and length, and heart weight (24). There is no correlation between blood ethanol 
concentration and amount of pleural fluid (/38). 


10.2. Lungs 


Pulmonary edema is not specific to drowning and is seen in natural (e.g., heart dis- 
ease) and other unnatural deaths (e.g., acute opiate intoxication, epilepsy /4,5,8,/4/). 
Lung findings must be correlated with circumstances (22). Voluminous or overinflated 
congested lungs are seen in wet drownings (6,/6,/38). Lungs can bulge from opened 
thorax, and rib markings are seen on the pleural surface. Dependent congestion suggests 
a postmortem finding (S). Petechiae may be seen on the visceral pleura (/6). Superficial 
bullae (subpleural emphysema) are sometimes observed (3,/6,/38). Frothy fluid 
(edema) is expressed from the cut surface of the lungs (see Fig. 6 and ref. /6). A mini- 
mum total lung weight of 1000 g in adults (>18 yr) is significant in distinguishing 
between drowning and nondrowning cases; however, this cut-off weight may be arbi- 
trary with the realization that variable amounts of water are inhaled (/35,/40). Other 
studies have shown: 


¢ Combined weight of lungs = 1411 (avg.) + 396.4 g in drowning; 994 + 133.0 g in 20 
controls (age >18 yr; time interval in water <24 h; controls, gunshot wound to head /22 /). 

¢ Combined weight of lungs = about 1400 g (avg.); 780 g in 50 controls (age >18 yr; controls, 
gunshot to head /20/). 
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Fig. 6. Congested lungs from drowning death. Note frothy edema fluid on cut surface of 
lung (arrows). 


No difference in lung weights between fresh and saltwater drownings has been 
observed ( 5). 

A minority of cases (up to 20% in 2 studies) have lung weights less than 1000 g 
( ). The inference is that these cases could have been dry drowning 
cases, but the exact circumstances are not always described (3). There is no significant 
correlation between submersion time and lung weights; however, 13% of witnessed non- 
putrified cases in a Finnish series had lung and “exudate” weights less than 1000 g com- 
pared with 35.6% of witnessed decomposed cases (3,24). Another study of recovered 
bodies showed a mean combined lung weight of 1439 g (range 720-2740 g) in preserved 
bodies and an average of 1049 g (range 380-1900 g) in severely decomposed bodies (5). 
The percentage of “dry” lungs (<1000 g) in nonputrefied compared with decomposed 
cases was 17% and 51%, respectively. A similar observation—i.e., decreased lung 
weights following a longer interval in the water—was made in another series (22). 

The increase in the average lung weight is greater than expected in drownings 
compared with other types of asphyxial deaths when body recovery time is short (<6 h); 
however, distinguishing between drowning and asphyxiation prior to being dumped in 
the water, based on total lung weight, is not possible unless the lungs are severely con- 
gested (e.g., combined weight >2500 g //4//). 

Frothy fluid, which can be blood-tinged, is seen in the larynx, trachea, and bronchi 
(see Heading 9; ; and ref. /6). This is an antemortem reaction (22). Froth is an 
admixture of edema fluid, surfactant, and bronchial secretion ( ). Edema fluid in 
freshwater drowning tends to be bloody because the hypotonic medium ruptures red 
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Fig. 7. “Wet” drowning. Froth in upper respiratory tract. (Courtesy of the Office of the 
Chief Medical Examiner, Chapel Hill, NC.) 


blood cells (8). In saltwater drowning, red blood cells tend to retain their integrity (8). 
The diagnosis of drowning may be more tenuous without the presence of froth (8). 
Foreign material from the drowning medium may be observed in the upper respiratory 
tract and lung parenchyma, but finding water or debris in the mouth or upper airway is 
not sufficient to diagnose drowning (Fig. 8; refs. 2, 16, 21, and 142). Froth can be seen 
after only a few minutes of immersion (22). Froth disappears as the postmortem interval 
increases (/43). In one study of 1590 submersions, the presence of external foam, froth 
in the airways, and overlap of the medial edges of the lungs were found, respectively, in 
17.3, 46.5, and 42.1% of cases submerged less than | d. These findings were still seen in 
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Fig. 8. Victim drowned after torrent of water entered a drainage tunnel. (A) Dirt in larynx 
(arrow). (B) Aspirated dirt in bronchi (arrows). (C) Swallowed dirt in stomach. 


bodies submerged up to 1 wk, and then began to disappear (3). At 3 mo, these changes 
were not evident (e.g., only 4% showed overlap of lung tissue in one study /3/). 
Resuscitation obscures lung findings in drowning (e.g., emphysema, edema //42/). 


10.3. Other Organ Weights 


If the recovery time of a body is short—i.e., within 6 h of death—then certain organ 
weights may be increased in asphyxiation and drowning cases relative to other types of 
trauma (/4/). In one study, the effects of asphyxiation increased the mean organ weights 
for the lungs, kidneys, liver, and spleen compared with trauma deaths (/4/). Mean heart 


264 The Forensic Pathology of Trauma 


Fig. 9. Discoloration of petrous ridges (arrows). “Hemorrhage” in middle ears in a drown- 
ing case. (Courtesy of the Office of the Chief Medical Examiner, Chapel Hill, NC.) 


and brain weights remained the same in the trauma, asphyxia, and drowning cases. 
Prolonged submersion can reduce organ weights (/4/). Small “anemic” spleens have 
been observed in drownings, but considerable overlap exists in the range of weights when 
compared with controls (/44). Sympathetic stimulation with organ contraction is a pro- 
posed mechanism (/44). Histological evaluation of the quantity of blood in the splenic 
sinuses reveals no differences (/44). The autopsy finding of a small, anemic spleen in 
drowning is likely a postmortem change caused by prolonged submersion (/4/). 


10.4. Gastrointestinal Tract 


Fluid and foreign material from medium can be found in the stomach and intes- 
tines as a result of swallowing; however, small amounts of water can enter the stomach 
after death particularly if the pressure of the drowning medium is high (see Subheading 
4.1.; Fig. 8; refs. and ). 


10.5. Neck Hemorrhages 


For information on neck hemorrhages, see Chapter 2, Subheading 3.3. 


10.6. Cranial Findings in Drowning 


Middle ear and mastoid congestion/hemorrhage are manifest as blue discoloration 
of the petrous bones after stripping the dura (Fig. 9; refs. and /38). This finding 
is not seen in all cases and occurs at a minimum water depth of about 75 cm (2.5 ft) 
(25). Middle ear hemorrhage is thought to arise because a pressure differential between 
the middle ear and the environment caused by blockage of the Eustachian tubes by 
water (25). Prior scarring from otitis media and a lack of pneumatization of the mastoid 
air cells are factors that decrease the likelihood of hemorrhage (25). Middle ear 
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Fig. 10. Drowning. Aspiration of fluid from sphenoid sinus. 


congestion/hemorrhage may be an indicator that the victim was alive at time of submer- 
sion and could explain why experienced swimmers develop difficulties due to disequilib- 
rium (see Subheading 14.3. and ref. 6). Alternatively, this finding may be a postmortem 
change owing to a head-down position (see Heading 12; Chapter 2, Subheading 3.3.). 

Aspiration of sanguinous watery fluid from the sinuses (e.g., sphenoid sinus) may 
also be an indicator of drowning (F ; refs. S and /38). 


11. DROWNING TESTS 


Because of the difficulties diagnosing drowning, various tests have been proposed 
(1,8). Some are now of historical interest because of the lack of specificity and alter- 
ation by decomposition as the submersion interval increases ( ). 


11.1. Plasma Specific Gravity or Osmolarity 


Left atrial blood, diluted by water from the lungs, has a lower specific gravity than 
the right atrium in freshwater drownings (6,/5,/48,/49). Hemolysis and autolysis of 
proteins compromise the value of the test (/46). 


11.2. Chloride Test (Gettler Test) 


Chloride and sodium levels in the left heart, compared with the right side or the 
femoral vein, decrease in freshwater drowning and increase in saltwater drowning 
( ). In practice, the results have been equivocal and not useful, because signifi- 
cant electrolyte changes, particularly in freshwater drownings, do not usually occur 
(80). Studies of other electrolytes have also yielded inconsistent results (/50). 
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Fig. 11. Examples of various diatom species viewed with phase-contrast microscopy. 
Original magnification x250. (Courtesy of Dr. M. Pollanen, Forensic Pathology Unit, 
Toronto, Canada.) 


11.3. Diatom Analysis 


Diatoms are a diverse group of microscopic unicellular algae having cell walls 
composed of silica; they are widely distributed in fresh and salt water (Fig ) 
( ). More than 100,000 species have been described (/55). Diatom analysis 
can assist in the diagnosis of drowning in cases of prolonged submersion when the body 
is decomposed or fragmented ( ). 

When water is aspirated into the lungs, diatoms enter the alveolar capillaries and 
move into the systemic circulation ( ). Their concurrent presence in other organs 
and body sites indicates circulation in an individual who was alive on entering the water 
( 6 ). The finding of diatoms in the body depends on their concentration in 
the body of water and the volume of water inhaled ( ). The small 
amount of water aspirated in so-called dry drownings could be one explanation for 
negative results ( 3). Regional and seasonal variation in the type of diatoms, par- 
ticularly those associated with drowning, can occur in the same body of water and can 
affect whether diatoms are found in tissue samples (143 )). Extensive 
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water sampling at the suspected site of drowning at different times and water depths 
may be required, although experience indicates that a single sample suffices in the 
majority of cases (/43,/52,155). 

Body tissue samples can be collected from various sites: lungs, heart, brain, 
liver, kidney, and bone marrow (2,/54,/55,/57). The presence of diatoms in lungs and 
other organs must be interpreted with caution (/54). Contamination by exogenous 
diatoms means that periodic testing of reagents and equipment is required (6,26,27, 
151—153,155,157). Diatoms are found in nondrowned individuals owing to inhalation 
of diatomaceous earth (/,6,/46,151,153,157, 160-163). Ingestion of diatom-containing 
food and water is possible (146,/5/,152,161,162,164). Diatoms can passively enter the 
lungs and upper respiratory tract during prolonged submersion (2,26,27,143,146, 
153,154,164). Large quantities of diatoms can be seen in the lungs of presumed 
drowning victims (/43,/63). If there is decomposition or trauma, water can contaminate 
internal organs (2,143, 154,157). For this reason, bone (e.g., an intact femur; alterna- 
tives—sternum and vertebra), which is less likely to be contaminated, is used (2,/52, 
153,160). The presence of diatoms in the marrow is assumed to have occurred ante- 
mortem (/53). Diatoms found in a deceased individual who regularly swims in the 
locale where the body was recovered proves exposure to that body of water but not 
drowning (/65). 

The femur is sawed along its long axis and about 50 g of marrow removed 
(153,155). Diatoms or diatom fragments in bone marrow tend to be small (<30 uw), and 
the number of species recovered is less than that found in the lungs and water samples 
(26,151,153,159,164). This suggests that diatoms of limited size embolize to bone 
(159). Nevertheless, a minimum threshold number of diatoms (quantitative analysis) is 
recovered in the closed organs of drowning cases, which distinguishes them from 
nondrowning deaths (26,27,/43). The marrow is treated with acid (e.g., nitric acid) 
(153,155,157). Centrifuging the specimen results in a pellet containing acid-resistant 
material, i.e., the silica coats of diatoms (/46,153,155,166). This residue is placed on 
glass slides and examined using phase-contrast microscopy (/53,/55). 

Aspirates from nasal sinuses (sphenoid, maxillary), stomach fluid and the sus- 
pected drowning medium are also treated the same way (/53,/55). Diatoms found in 
stomach contents may represent a contaminant (see Subheading 10.4. and ref. /55). 

Analysis for diatoms can assist in certain cases of submersion: 

¢ Confirmation of drowning when the types of diatoms in different organs match those 

present in the drowning medium (qualitative analysis /6,26,27,143,153—155,166]). 

The diatom test can support the diagnosis of drowning when the signs of drowning 
are equivocal or absent (e.g., decomposition, severed limb /34,/55,158/). A disadvan- 
tage of the test is its sensitivity. Only 28% of 738 drownings in naturally occurring fresh 
water and 12% of 33 drownings in water from a domestic source, 1.e., water filtered or 
processed (bathtub, pool, toilet), in one study, gave a positive result (153). In another 
study, qualitative diatom analysis supported a diagnosis of drowning in one-third of 
cases (26). Diatoms are unlikely to be seen in bathtub drownings (/46,/66). Diatom 
analysis is not as useful in diagnosing drowning when tap water is involved because the 
diatoms are filtered out by water purification plants (26). Of the four domestic drown- 
ing cases in an Ontario study, two had diatoms added to the water (abrasive cleaner, 
gravel). Swimming pool water can be rich in diatoms if pool filters contain diatoma- 
ceous earth (8). 
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The lack of diatoms does not exclude drowning as a cause of death, and should be 
interpreted in context of the postmortem findings (27,/46,153,157,158). A lack of 
diatoms can also mean a rapid death, preventing circulation of diatoms to organs. This 
implies that wet drowning is not the cause of death or that drowning occurred in water 
lacking diatoms (/57,/63). The lack of diatoms, based on analysis of femoral marrow, 
could be explained by the relatively small proportion of blood circulation this bone 
receives (/53). 

Implication of drowning as a cause of death even when the autopsy and circumstances 
do not suggest drowning (153,155). 

This can assist in the investigation of a suspicious death or homicide, particularly 
when the autopsy does not determine a definitive cause of death (155). Conversely, the 
autopsy may reveal serious trauma (e.g., strangulation, craniocerebral injury), but the 
presence of diatoms indicates that the submerged victim was alive, i.e., breathing on 
entering the water (155). 

Correlation of the types of diatoms recovered from the body and various putative sites 
of drowning, i.e., the body of water in which the body was immersed at time of recov- 
ery. 

This can assist in localizing the site of drowning (e.g., bathtub or natural body of 
water /153,155,157]). 

Diatoms, the only observation that supports the diagnosis of drowning, in decomposed 
cases (153,163). 

The presence of diatoms may not match the putative drowning medium because these 

bodies can be recovered at sites remote from the drowning location (/59). 


11.4. Microscopic Examination 


Various drowning-related changes have been described using microscopic exami- 
nation (see Chapter 3, Subheading. 1.7. and ref. /45): 


“Emphysema aquosum” refers to dilation of alveoli, thinning of alveolar septae, and 
compression of alveolar capillaries (2,167). 

Pulmonary congestion, edema, alveolar hemorrhage, alveolar wall disruption (2,145). 
Alveolar macrophages can decrease in nonputrefied drowning cases because of 
washout by the drowning medium (/67); in decomposed bodies, pulmonary 
macrophage numbers are variable because of “release” from the putrefying alveolar lining 
and removal by decomposition fluid (/45,/67). 

Alveolar hemorrhage is significant in drownings, without decomposition, and asphyx- 
ial deaths compared with nonasphyxiated individuals (/45). 


Microscopy is necessary to rule out underlying disease, not visible at autopsy, that 
caused death or contributed to drowning (/45). 


12. WATER SUBMERSION: POSTMORTEM ARTIFACTS 


Goose skin (“goose bumps,” cutis anserina). This artifact results from spasm of the 
erector pilae muscles owing to exposure to cold (see Chapter 2, Heading 2. and ref. /6). 
Wrinkled hands (“washerwoman’s hands’) and feet (see Fig. 12; Chapter 7, Fig. 31; 
and ref. /6). 

Conjunctival petechiae can disappear after 4 h of fresh water submersion probably due 
to hemolysis caused by the hypotonic medium (/68). 

Decomposition obscures or mimics signs of drowning (see Chapter 2, Subheading 5.2. 
and refs. 6, 15, and 17). 
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Fig. 12. 
Fig. 31). 


Wrinkling of soles owing to prolonged water submersion (see Chapter 7, 


o Apparent lung “congestion” (/6). 

o Extravasation of sanguinous fluid into respiratory tract and pleural cavities (/6). 

o Gas admixing with decomposition fluid can simulate froth in respiratory tract; san- 
guinous fluid can be expelled from the nose and mouth (/6). 

° Dehiscence of incised wounds in varying stages of healing (up to 6 mo) because of 
bloating (169). 

© Signs of drowning disappear (3). 

Head-down position 
Because the specific gravity of the head is greater than that of the feet, a submerged 

body floats in a head-down position. 

o Lividity in head and neck area and on anterior surface of body (see Chapter 2, 
Subheading 3.3. and ref. 6); mastoid/middle ear “hemorrhages” may be a sign of 
lividity (see Fig. 9; Subheadings 10.6. and 14.3.) 

o Artifactual neck hemorrhages (rule out resuscitation; see Fig. 13). 

Injury (1/6) 

Lethal injuries can be difficult to interpret (3). 

Prolonged submersion can leach blood from open skin wounds. 

Wildlife, underwater and shore hazards can cause injury (Fig. 14; refs. 2 and 6). 

In shallow water, the head-down position can lead to certain areas of body (face, outer 

forearms, knees) scraping the bottom (see Heading 9; Fig. 5; and ref. 170). 

Abrasions and contusions of the forehead may be caused by removal from water (e.g., 

side of pool //1/). 

Resuscitation effects (see Chapter 3, Subheading 2.6. and ref. 2). 

Floating to the surface 
A body does not float until its specific gravity reaches a point of buoyancy from 

gases generated from decomposition. Interestingly, of 104 bodies recovered floating 

in New York waterways, 28 were not decomposed (5). If a body’s specific gravity 
exceeds that of water (fresh water = 1.000; sea water = 1.026), then it sinks (/04). The 
specific gravity of a body is increased by various means (addition of weights, aspiration 
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Fig. 13. Young male drowning victim recovered from a swimming pool. Resuscitation. 
Posterior larynx. Soft tissue hemorrhages, retroesophageal area. 


of water during drowning). Buoyancy is affected by lung volume (/04). One study 
showed that, at total lung capacity, all subjects floated in fresh and salt water (/7/). 
At functional residual capacity, i.e., a value approximating the lung volume of an 
unconscious or dead person, 7% of individuals floated in freshwater and 69% in sea- 
water. In fresh water, 5 kg (11 Ib) of added weight would sink anyone regardless of 
lung volume; in sea water, 6.8 kg (15 Ib) would suffice. Once a body starts to sink, it 
will continue sinking because hydrostatic pressure compresses gas in the chest and 
abdominal organs. Pressure compresses the chest, reducing residual volume and 
resulting in negative buoyancy (/04). 
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Fig. 14. Submerged body. Injuries caused by leeches. (Courtesy of Dr. C. Rao, Regional 
Forensic Pathology Unit, Hamilton, Ontario, Canada.) 


13. BODY IN THE BATH 


The bathroom is potentially the most dangerous room in the house (/72). The inci- 
dence of bathtubs as a site for drowning varies. In various series, the frequency ranges 
from about 1 to 8% ( ). In the Brisbane drowning study, 8 of 55 
(15%) childhood drowning deaths were in bathtubs (54). 

All manners of death are possible when a body is found in a bathtub ( ). 

Series of suicidal drownings have shown that a bathrub scene occurs in up to 10 
to 15% of cases (see ’ and refs. 4, 9, 22, and 37). Although homicides in this set- 
ting are uncommon, any death in a bathtub should be treated as suspicious (/77). An 
investigation must be initiated as soon as possible after the incident (/72). Investigators 
must be aware of possible scene alteration by those discovering the body and by emer- 
gency personnel. 


13.1. Accidental Deaths: Precipitating Factors 


Precipitating factors for adult accidental drownings include intoxication by 
ethanol or other drugs, incapacitation by disease (e.g., stroke, seizure, heart disease), 
invalidism, falls, and lack of supervision of institutionalized individuals and children 
(see Subheading 2.2., Headings 6-8; and refs. /2, and 

Dietz and Baker found that ethanol contributed in 2 of 10 bathtub drownings tested 
(one individual fell, another had a history of seizures ////). Of 12 bathing cases involv- 
ing persons aged 15 and older tested for alcohol in a study by Wintemute et al., only 2 
had detectable (=1 mg/dL) ethanol (1 person = 200 mg/dL or 34 mmol/L /178/). 
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Fig. 15. Drowning in bathtub. Seizure disorder. Lip contusion. 


Epileptics are at risk for drowning in bathtubs, particularly when unsupervised 
(103,112,131,179). Of eight bathtub drownings in Maryland, six had a seizure his- 
tory (//). Seven of 17 epileptics who drowned in the Sacramento County series died 
in the bathtub (30). Of five epileptics in a New Zealand series who drowned, one 
died in the bathtub (33). Gardner and Devos et al. mention two seizure cases each 
(172,175). A Canadian series showed that 60% (15 of 25) of epileptics who drowned 
were taking an unsupervised bath (/32). An epileptic can be found slumped over the 
edge of the tub (/3/). Although showering reduces the risk, drowning can still occur 
if the individual collapses and plugs the drain (/32). Other potential injury scenarios 
include falling and striking the shower enclosure or other fixtures, and inadvertently 
striking the hot water faucet while having a seizure (/32). Seizures while in the bath- 
tub may not leave signs of a struggle or evidence of splashed water—i.e., seizure 
activity is not necessarily manifest as involuntary muscle contractions (//2). Biting 
during a seizure can cause lip injuries. The tongue may be lacerated (Figs. 15 and 
16). An autopsy does not always reveal definitive neuropathological findings (e.g., 
temporal sclerosis) indicative of epilepsy, but examination of a formalin-fixed brain 
is better for finding subtle abnormalities in cases without a definitive history of 
seizures (Fig. 17; refs. // and //2). The role of epilepsy in a case of bathtub drown- 
ing is deduced from the medical history and the toxicological results. Toxicological 
testing of drowned individuals in bathtubs, who had been prescribed antiepileptic 
medications, usually show that the drugs were either not detected or present in sub- 
therapeutic concentrations (30,/32,176). Even individuals with therapeutic levels 
can drown (/32). 
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Fig. 16. Seizure. (A) Laceration (arrowhead), right lateral border of tongue. (B) Coronal 
sections of tongue. Hemorrhage in muscle (arrowhead) corresponding to laceration. 


A fall, alone or in combination with ethanol, leading to fatal craniocerebral 
trauma or positional asphyxia needs to be considered if the victim is found in a dry 
tub (176). 

Most of the children who drowned in a bathtub in a North Carolina series were 6 
mo to 2 yr of age (/76). Children of this age have been usually left unattended (Fig. 18; 
refs. 12, 42, 55, 103, 175, 176, and 180). The median depth of water in one series was 
20 cm (8 in.), and the range was 5 cm (2 in.) to 35 cm (14 in. /77/). The victims were 
mostly under | yr of age (77). At this age, a child is able to sit and pull up to stand (55). 
Leaving an infant in the care of an older sibling is an inadequate substitute for adult 
supervision. These children are also at risk for scalding injuries (/03). Issues arise about 
the role of siblings or playmates in the drowning (55). The family situation can be a risk 
factor for nonaccidental injury. Immersion is a form of child abuse and is used to com- 
mit murder (Fig. 19; refs. 103, 180, and 181). 


13.2. Suicide 

Suicide victims are usually more elderly, and there may be a psychiatric history 
(see Heading 3. and ref. 182). This method may be chosen by an older person if other 
methods are not feasible because of illness or immobility (152). Evidence of self- 
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Fig. 17. Woman found slumped over edge of bathtub filled with water. Signs of drowning 
at autopsy. History of a “fit” about 1 yr prior to death. (A) Abrasions of pelvis indicative of 
pressure from tub edge (arrows). (B) Formalin-fixed brain. Expansion of right frontal gyrus. 
Microscopic examination: astrocytoma. (Courtesy of the Canadian Society of Forensic 
Science Journal). 


inflicted injury may be seen (e.g., wrist slash; see Chapter 7, Subheading 2.1. and ref. 

). Some individuals have weighed themselves down by various means (e.g., bowl- 
ing balls /782/). A bathroom door locked from the inside is seen only in a minority 
(174). Alcohol consumption and sedation by medications have been seen in a number 
of studies; however, a reduced level of consciousness is not necessary for an individual 
to deliberately submerge in the bathtub (/82). 
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Fig. 18. Drowning of infant determined to be an accident. Scene findings: mother was in 
a bathtub with child resting on her torso. She fell asleep and, on awakening, discovered 
the child submerged. She panicked and sought help. (A) Note the cleanser can on the 
floor. Cigarette ash was on the floor. The mother did not remember knocking over the ashtray. 
(B) A frantic call for help. 


13.3. Homicide 


Murder can be committed in the bathtub or the murder victim can be deposited in the 
tub (/77). In the latter instance, a tub may be filled with water to ensure death by drown- 
ing and to remove trace evidence (/77). Drowning and other types of trauma (e.g., stran- 
gulation, electrocution) occur alone or in combination (174,177). In cases of strangulation, 
external signs may be subtle. Most homicide victims are young women, aged 20 to 40 yr 
(177). If signs of drowning are evident, then the victim was alive when placed in a water- 
filled bathtub (177). Ethanol intoxication is a factor in incapacitating some victims (/77). 


13.4. Presence of Water in Tub 


Although water in a tub is expected in a drowning, sometimes a tub will be empty 
if the water has drained through a loose drain plug (/76). Wet hair and clothing are clues 
that immersion in water has occurred. Submersion of the deceased’s face in water does 
not necessarily mean that drowning is the cause of death (/76). Other causes of death 
need to be excluded. In about half the natural deaths in a North Carolina study, water 
was observed in the tub (/76). 


13.5. State of Clothing: Adults 


People who died of disease, accidents, or homicidal trauma are either clothed or 
unclothed (/76,/77). Suicide victims can be either fully or partly clothed; however, the 
observation of an unclothed individual in a bathtub does not rule out suicide 
(4,31,173,176,182). 


13.6. Electrocution 


An electrocution in the bathtub can be either accident, suicide, or homicide (see 
Heading. 5.; Chapter 4, Heading 7.; and refs. 176, 177, 183, and 154). 
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Fig. 19. Homicidal drowning of infant. Mother had psychiatric history. (A) Lipstick writing 
on wall of bathroom. (B) Similar writing on child. 


14, DIVING-RELATED DEATHS 


Drowning is the main cause of death and occurs during any phase of the dive 
(185-187). Of 244 drownings in Sacramento County, CA, from 1974 through 1985, 3% 
occurred while scuba diving (30). Whereas 60% of diving fatalities can be attributed to 
medical, environmental, or equipment problems, the remainder are unexplained (/85). 
Unexplained deaths occur even if the equipment is functional, an air supply exists in the 
tank, and there are no signs of physical trauma or apparent medical problems (/85). 
Panic affecting breathing may be a factor (/55). Anxious divers of varying experience 
may remove equipment inappropriately (/85). 
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14.1. Types of Diving 


14.1.1, Recreational 
A pathologist is most likely to be involved with recreational diving fatalities (187). 


¢ Breath-hold diving (skin diving)—no breathing apparatus other than snorkel; average 
person down to 6 to 10 m (20 to 30 ft); spearfishers up to 30 m (100 ft) or more (see 
Subheading 4.2.). 

¢ Self-contained underwater breathing apparatus (scuba) diving—use of ordinary com- 
pressed air to depth of 40 m (130 ft ); deeper dives require more sophisticated equip- 
ment (“technical diving”). 


14.1.2. Professional/Commercial 


¢ Professional—includes scientific divers conducting research, public safety divers (e.g., 
police divers), scuba instructors/dive guides. 

¢ Commercial—use of tools for heavy work underwater (e.g., salvage, oil rig mainte- 
nance). 


Professional and commercial divers at depth use surface-supplied diving—i.e., 
breathing gas is supplied from the surface via a long hose. Surface-supplied air diving 
occurs down to 60 m (190 ft) in sea water and is of short duration (<30 min). Surface- 
supplied mixed-gas diving uses helium, O,, and nitrogen (tri-mix) or helium and O, to 
prevent nitrogen narcosis. These dives go down to 90 m (300 ft). Saturation diving 
involves use of a diving bell and decompression chamber(s) for deep-depth dives for 
extended periods. After the first 24 h of diving, the diver’s body is completely saturated 
with inert gas, requiring about 1 d of decompression for every 30 m (100 ft) of depth. 


14.2. Nitrogen Narcosis and O, Toxicity 


Nitrogen narcosis and O,, toxicity are more likely to be seen in professional and 
commercial diving. Henry’s law states that at constant temperature, the amount of gas 
dissolved in a liquid (e.g., blood, tissue fluid) is proportional to its partial pressure 
(104, 188-190). At sea level (atmospheric pressure = 1.0 atm), the partial pressures of 
nitrogen and O, are about 0.8 atm (79% concentration in air) and 0.2 atm (21% concen- 
tration in air), respectively. Nitrogen narcosis occurs at any depth greater than 30 m (100 ft 
[188,189,191]). A diver using a compressed air supply at a depth of 40 m or 132 ft (5.0 
atm) has a nitrogen partial pressure of 4.0 atm (/04). At this depth, a diver is at risk for 
nitrogen narcosis (“rapture of the deep”), which is similar to the effects of alcohol 
(188,189,191). Unconsciousness occurs at depths greater than 90 m (300 ft //59/). 

At 60 m or 233 ft (8 atm), i.e., beyond the depth of sport divers, the partial pres- 
sure of O, is 1.6 atm (nitrogen = 6.4 atm). At this depth, there is the risk for O, toxic- 
ity (e., seizure /104,159/). 


14.3. Extra-Alveolar Air Syndrome 


Boyle’s law states that if the temperature of a gas is kept constant, its volume 
varies inversely with the absolute pressure (i.e., pressure X volume = constant; see refs. 
104,18S—190, and 192). Barotrauma reflects this inverse relationship of pressure and 
volume (/58,/89). Barotrauma is caused by a failure of a gas-filled body site to equal- 
ize its internal pressure with the changing outside pressure (/88,/9/). It is second only 
to drowning as the cause of death in diving accidents (/86,/89). 
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A diver at depth is subjected to increased pressure. At sea level, 1 atm of pressure 
(14.7 lb/in? or 760 mmHg) is exerted (104,188,191). At a depth of 10 m (33 ft) in sea 
water (34 ft in fresh water), 2 atm is exerted on an individual (/04, 187,193). As the diver 
descends, pressure increases and volume decreases, resulting in a relative vacuum, par- 
ticularly in rigid bone-encased cavities (e.g., a respiratory tract infection causing block- 
age of Eustachian tubes and sinuses causes middle ear and sinus hemorrhage, leading 
to nosebleed /104,/58,189,191,194/). Inner ear barotrauma arises from forceful efforts 
to equalize middle ear pressure, and vertigo results (/88,/89). Middle and inner ear 
barotrauma can also be observed on ascent (/94). Failure to exhale into a mask means 
relatively low pressure inside the mask, which causes ocular petechiae and hemorrhage 
(“mask squeeze” /104/). 

The lung volume of a breath-holding diver at the depth of 10 m (33 ft) is halved, 
but is constant if a regulated compressed air supply (scuba gear) is used (195). Even if 
this equipment is used, quick ascent, possibly from panic, from a minimum depth of 1.8 
to 2.4 m (6 to 8 ft) without exhaling, increases lung volume (/04,/85,188, 189,191,192, 
195-197). Exhalation can be impeded by reflex glottic closure or bronchoconstriction 
if water is aspirated (/97). Asthmatics may have bronchospasm because of a cold air 
supply and irritants in it (/98). Overexpansion causes alveolar rupture and tracking of 
air into the pulmonary interstitium, pleura, and adjacent cavities (104,159). Subcutaneous 
and mediastinal emphysema, pneumopericardium, and pneumothorax can follow 
(104,188,189). Even pneumoperitoneum is possible if air passes through the diaphragmatic 
opening (/99-201]). Chronic obstructive lung disease (emphysema, asthma) enhances 
air trapping in the lungs. Pulmonary disease lesions (e.g., emphysematous bullae) are 
prone to rupture (/04,/89,196). Entry of air into alveolar capillaries, and eventually the 
pulmonary veins, leads to air embolism to the coronary and cerebral artery circulation, 
i.e., arterial gas embolism (AGE; see Fig. 20 and refs. 104, 158, 191, 195, 197, 202, and 
203). Air bubbles rise when the head is up (189). Unconsciousness occurs immediately 
and can happen in a dive lasting only a minute (/59,/95,196, 202,204). Mechanical 
blockage in the heart outflow tract can occur (192,195,204). Only a few milliliters of air 
can be fatal in AGE (/92). 

The maximum volume of the stomach is about 5 L (193,200). A diver who rapidly 
ascends from a depth of at least 6 m or 20 ft (typically 43 + 12 m or 140 + 40 ft) dur- 
ing a dive of brief duration (8 + 5 min average) can inflate the stomach, causing injuries 
ranging from mucosal tearing to rupture (Fig. 21; refs. 193, 199-201, and 205-207). 
The stomach may be already be distended by a heavy meal and soda (/99). The stom- 
ach is further expanded if air and water are swallowed while ascending (/93,199-201, 
206). The lesser curvature is predisposed to tear because it has fewer mucosal folds, is 
less elastic, and has a single muscle layer (199,200,205). This complication is uncom- 
mon because gastric gas usually escapes into the esophagus and duodenum (/93). 
Gastric distension, by increasing angulation, can close the gastroesophageal junction 
and also cause reflex pylorospasm (199,200,205). Multiple lacerations, involving the 
mucosa and wall, range from 2 to 15 cm (0.75 to 6 in. /200/). Hematemesis can be a 
presenting sign. Multiple rupture sites are possible (200). No inflammation is seen. 
Gastric distension can exacerbate portal hypertension, resulting in variceal bleeding 
(125). Tears can extend into the gastroesophageal junction (207). Subsequent cardiopul- 
monary resuscitation can also cause gastric rupture (see Chapter 8, Subheading 6.2. and 
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Fig. 20. Diving accident. Arterial gas embolism in cerebral vessel (arrow). (Courtesy of 
Dr. B. Sawka, Grey Bruce Health Services, Owen Sound, Ontario, Canada.) 


ref. /93). Intestinal rupture is possible (200). Concurrent signs of extra-alveolar air syn- 
drome are observed (193). 


14.4. Decompression Sickness 


A scuba diver breathes air that is 79% nitrogen and 21% O,. The greater partial 
pressure of nitrogen means increased nitrogen absorption in a diver at depth for an 
extended period of time (/04). Nitrogen, an inert gas, is more soluble in fat than in 
blood (1&8). Both can become saturated with nitrogen. The duration of time, not depth, 
determines the degree of saturation of blood with nitrogen ( 95). The depth of 
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Fig. 21. Diving accident. Quick ascent to surface. Gastric mucosal lacerations. (Courtesy 
of Dr. K. Newell, Grey Bruce Health Services, Owen Sound, Ontario, Canada.) 


the dive determines the total quantity of nitrogen absorbed. Repeated dives increase the 
risk (/88). If there is rapid ascent, then gradual elimination of nitrogen by exhalation 
cannot keep pace ( ). Nitrogen bubbles out of solution in the blood and fat, 
analogous to the bubbles that form when a soda is opened ( ). Entry of nitro- 
gen bubbles into capillaries in adipose tissue lead to venous gas embolism 
( ). In dives less than 10 m (33 ft), gradual decompression during ascent is 
not needed (/04). When the depth exceeds 40 m (130 ft), decompression stops are 
needed. Decompression sickness can still occur with proper pauses on ascent ( ). 
Flying after diving can precipitate decompression sickness (/89). 
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Mechanical distension by nitrogen bubbles is a possible cause for pain, which typi- 
cally affects dense tissue such as ligaments or tendons around joints (the “bends’’) 
(104,188,189,195). Joint symptoms usually appear within 24 h, but more severe symp- 
toms occur within half an hour (/88,/95). Paresis caused by spinal cord involvement 
occurs when bubbles form in the epidural vein plexus around the spinal cord 
(104,188, 189,195,202,203). A large volume (80-100 mL) of venous gas in the right 
heart leads to serious effects (see Chapter 7, Subheading 12.1.1. and ref. 192). Numerous 
bubbles in the pulmonary circulation lead to the “chokes” (104, 188,189, 195,208). Para- 
doxical gas embolism to systemic organs (brain, heart) across a patent foramen ovale 
can occur (188,195,208). Seizures are possible. A DIC picture may arise from decom- 
pression sickness (/9/,/95,208). Decompression sickness can occur in combination 
with air embolism (/88,/95,208). 


14.5. Pulmonary Edema 


Approximately 1% of divers develop pulmonary edema (209). It can originate 
from either cardiogenic causes (increased capillary hydrostatic pressure) or noncardio- 
genic mechanisms (increased vascular permeability). There may be no obvious precipi- 
tating cause, and pulmonary edema can develop after diving in water of any depth and 
temperature. Various predisposing factors, such as immersion effects (see Subheading 
4.5.), vigorous attempts to breathe augmenting negative intrathoracic pressure, and tight 
wet suits, have been described. There may be a history of hypertension. 


14.6. Circumstances of Diving-Related Deaths 


The following information is important in the investigation of a diving fatality 
(187,190,191). 


Medical history 

° Heart disease, pulmonary disease (chronic obstructive pulmonary disease). 
° Recent respiratory tract infection. 

° Diabetes. 

° Epilepsy. 

° Medications. 

e Alcohol and other drug use. 

° Psychiatric history. 

Prior diving experience. 

Witnesses/dive companion. 

° Diving events. 

° Terminal event? 

Resuscitation efforts. 

Recent meal. 

Underwater hazard leading to blunt trauma or entrapment; failure to follow proper 
procedures (186,191,210). 

Surface hazard (boat hull or propellers). 

Environmental conditions. 


14.7, Equipment 


Any equipment must be seized and properly stored for later expert inspection (/&7). 
Equipment can fail, be altered, or be used inappropriately (/90,/9/). The high-pressure 
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air compressor used to fill the diver’s air tank can malfunction (e.g., intake of carbon 
monoxide from compressor engine //04,190,191/]). A diver can run out of air. The inner 
lining of the tank can be corroded from rust, leading to O, depletion (/04,/90,/91,2/1). 
Samples of air from the compressor and cylinder need to be taken. The buoyancy com- 
pensator controls flotation and can be defective (208). A common finding is the failure 
of a diver to inflate the compensator in an emergency situation (/90). The dive computer 
is a device used to calculate the amount of time allowable at a depth and assess a diver’s 
decompression status. This computer can provide information about dive depth, dura- 
tion of various phases of the dive including the ascent, and water temperature (/9/). 


14.8. Autopsy Approach to a Diving Death 


Interpretation of postmortem findings requires a multidisciplinary integration of 
information about the circumstances of the death and an adequate knowledge of diving 
and its hazards (190,191,212,213). 


¢ Photograph the body with equipment, if not removed. 

e Ensure proper identification. Note any identifying features. 

¢ Note the color of the lividity (red-pink discoloration is seen in carbon monoxide poisoning 
and hypothermia); marbling of skin suggests arterial air embolism (cutis marmorata) in a 
living individual (195). Lividity in divers tends to be on the back because of the weight of 
the air tank, in contrast to frontal livor mortis in the usual drowning. Decomposition hin- 
ders the assessment of gas in the soft tissues, body cavities, and circulation. 

¢ Observe any signs of trauma. 

¢ Observe for “mask squeeze” on the face. Observe for other signs of barotrauma, e.g., 
epistaxis. If an otoscope is available, examine the eardrums. Observe for signs of 
drowning (froth from the nose and mouth). 

¢ If an ophthalmoscope is available, examine the retinal arteries for evidence of air. 

e Palpate the skin of the neck and chest to detect crepitation consistent with subcutaneous 
emphysema. 

e Insert a 14- or 16-gage needle attached to a 50-mL syringe, containing a few milliliters 
of water, through the lateral intercostal spaces bilaterally to assess for pneumothorax. 
Draw back the syringe plunger to observe air bubbles. Quantitate the pneumothorax. 
Not performing this step could result in the prosector being greeted with a sudden 
expulsion of air when the sternum is lifted. Note that resuscitation, i.e., insertion of an 
endotracheal tube and artificial ventilation, with or without associated rib fractures 
from cardiopulmonary resuscitation, can cause iatrogenic pneumothorax. Failure to 
clamp the endotracheal tube while aspirating air from the chest can lead to the mistaken 
observation of an apparently large pneumothorax. 

e Radiographs of the head, neck, and torso assess for presence of intravascular or 
extravascular air. A decubitus chest film (left side of deceased up) is included. AGE can 
be associated with large quantities of air (196,214). 

¢ The brain is examined prior to removal of the heart. Prior to removal of the calvarium, 
a 5-cm? piece of bone is cut on either side of the vertex (Sawchuk-Harpur protocol). 
When the calvarium is removed, the square can be manually compressed while holding 
the brain and membranes in place. The surface of the brain then is examined for air 
embolism. Double-clipping the internal carotid and basilar arteries prior to brain 
removal prevents air from artifactually entering the circulation. Detailed examination of 
the temporal bone has been described (194). 

¢ A small sternal “window” is made over the heart. The window is filled with water and 
a syringe inserted into the pericardial sac to assess for pneumopericardium. When the 
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11. 


12. 


pericardium is opened, observe whether gas bubbles are present in the coronary vessels. 
Flood the pericardial sac with water. Taking a 10-mL syringe containing a few milli- 
liters of water, insert the needle below water level into the ventricles. Draw back and 
note air bubbles (see Chapter 7, Fig. 38). The vessels of the visceral pleura can be 
inspected with the lungs in situ. When the sternum is removed, examine the medi- 
astinum for emphysema. The finding of intracardiac and intravascular bubbles is not 
pathognomonic of AGE or decompression sickness. Nitrogen does come out of solu- 
tion, even postmortem, when the body is at atmospheric pressure (204,212). 
Decomposition produces gases. Microbiological cultures may determine whether 
gas-forming microorganisms are present. 

Consider other traumatic and natural causes of death, particularly in “dry” drowning 
cases. Examine the heart for evidence of a probe patent foramen ovale. The tongue may 
be lacerated, indicative of a seizure. Mottled pallor (Leibermeister’s sign) of the tongue 
may indicate air embolism. 

Resuscitation artifacts create interpretation difficulties (e.g., petechiae, fat/bone marrow 
embolism). 

The pulmonary hilar and main vessels of the heart can be tied prior to removal of these 
organs. The lungs can be placed in a sink filled with water, and air is introduced by a 
syringe into the bronchi to check for potential pleural rupture sites. Examine the lung 
for blebs and emphysematous bullae. The bronchi and stomach may contain froth and 
debris, respectively. 

Retention of bone (femur) for diatom studies (if analysis available) may be considered 
in certain cases depending on the circumstances (see Subheading 11.3.). 

Retain brain and spinal cord. 

Perform toxicology (ethanol, drug screen). 
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Chapter 6 


Penetrating Trauma 


Close-Range Firearm Wounds 


Summary 


Firearm deaths are most commonly self-inflicted. The determination of suicide is supported not 
only by the presence of a close-range wound but also by the scene and historical information. A com- 
plete external examination of the victim may also reveal evidence of self-intent on the hand(s), ie., 
blood spatter and soot deposition. The head is the most common site for self-inflicted wounds. 
Cranial injuries can have unique features (e.g., ricochet). Certain factors complicate the assessment 
of close-range firearm injuries. Medical procedures and interposed clothing can alter wound appear- 
ance. Unusually located or multiple wounds arouse suspicion of homicide. Examination of a wound 
track determines the cause of death. In the case of multiple wound tracks, relative lethality and inca- 
pacitation need to be assessed in the determination of manner of death. 


Key Words: Wounds; gunshot; suicide; head injuries; penetrating. 


1. DEMOGRAPHY 


The incidence of firearms-related deaths per 100,000 population was 0.14 per 
100,000 in England and Wales in 2001 (suicide, 65%; homicide, 7%; undetermined or 
accidental, 28%), 2.6 in Canada in 2002 (suicide, 80%; homicide, 15%; undetermined 
or accidental, 5%), and 10.2 in the United States in 2001 (suicide, 67%; homicide, 27%; 
undetermined or accidental, 6% [/—3/). 

The use of a firearm to commit suicide depends on the availability of firearms 
(4-15). In the United States, suicide by firearm is the most common method of commit- 
ting suicide (9,/6). For example, studies in various southern states show use of a firearm 
in 65 to 87% of suicides (/7—20). Various European studies have shown that about 4 to 
8% of suicides are committed by firearms (2/—23). In US jurisdictions, firearms are 
used for all victims of murder-suicide in 75 to 96% of cases (24-29). 

Self-inflicted firearm injuries occur in adults of all ages (2/). Various studies have 
shown that the mean or median age of adult suicides is higher than that of homicide vic- 
tims (/8,30-37). For example, a New Mexico/South Carolina study of self-inflicted head 
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wounds showed that the average age of suicide victims was 39.2 yr, compared with 33.7 yr 
for murder victims (30). A similar older age distribution is seen in perpetrators of 
murder-suicide, but if children are murdered, then the average age of the murderer, i.e., the 
suicide victim, decreases (e.g., in an Australian study, the average was 31 yr /12,28,29,38/). 

Gunshot wounds involving children can be of any manner (39,40). Accidents 
occur when children play with guns (39,4/-44). Adolescents may “fool around” with 
guns, and alcohol intoxication may be a factor in these cases (42). Availability and 
accessibility to firearms, their resemblance to toy guns, and gun malfunction are factors 
in accidental firearm deaths (4,4/,43). Self-inflicted accidental wounds occur (4/). The 
most common wound site is the head (41,44). Suicidal gunshot wounds are unusual in 
children and adolescents. A review of 45 shooting deaths of children under 10 yr during 
a 9-yr period in Cook County, IL, revealed no suicides (45). The minimum age in other 
studies of self-inflicted firearm injures is relatively consistent: South Carolina, 12 yr; 
South Carolina—New Mexico, 14 yr; Texas, 11 yr; New York City, 13 yr (6,/8,30,32). The 
firearm can be borrowed or stolen (/2,/7). 

Self-inflicted gunshot wounds show a male predominance, although women are fre- 
quent victims in some jurisdictions (9, /4,23,33-36,46-49). In foreign countries, fewer than 
10% of firearm suicides involve women, whereas in various American jurisdictions the fre- 
quency varies from about 5% to 17% (6,18,21,32,37,50,51). The reasons for this sex dif- 
ference include less access by women to firearms in some countries and the knowledge that 
a firearm injury is potentially disfiguring, particularly when the entry site is the head (2/). 

Female victims predominate in murder-suicides (/2,52). In various US and inter- 
national studies, there is a male perpetrator, i.e., suicide victim, in 85 to 100% of cases 
depending on the age group (/2,24—26,28,29,52). If children are murdered, then the per- 
centage of female perpetrators increases (53). 


2. SCENE 


Whether the investigation involves a single-victim suicide or multiple fatalities in 
a murder-suicide, the location chosen is usually familiar. In most cases, the deaths 
occur at home or its vicinity (17,21,24,26,28,34,35,37,46,48—50,54,55). Often the door 
is secured from the inside (e.g., locked, wedged by chair), which assists the investiga- 
tion when the circumstances are unusual (e.g., multiple wounds /37,56—60/). Unusual 
locations (e.g., motor vehicle) have been described (55,6/,62). 


3. TYPE OF FIREARM 


There is a handgun predominance in American and most international studies 
(20-22,30,32,63—66). In the United States, this reflects the possession of firearms for 
protection. For example, in one jurisdiction in Texas, the following distribution of 
firearms was seen in suicide cases (32): 


Handgun® Rifle Shotgun? 
Male 76.1% 13.7% 10.2% 
Female 87.4% 6.7% 6% 


“38 special most common. 
>12-gauge in more than half of cases. 


In other regions (Canada, England, Scandinavia, Australia), there is a predomi- 
nance of long gun use (rifles and shotguns) because of restrictions on firearm possession 
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(23,34-37,46-49). Lower caliber weapons (handguns and rifles) are usual in multishot 
suicides, but higher caliber handguns and shotguns are used (67). 

The following is a list of some unusual firearms or projectiles that have been used 
to cause self-inflicted gunshot wounds: 


Handguns using shotshell (pellets /68/). 

Black powder percussion handgun (69). 

Air gun/rifle (16,70—75). 

“Powerhead” (short nonrifled barrel with cartridge and lead projectile, used for harves- 
ting fish and protection against sharks /16,76/). 

Pen gun (77,78). 

Homemade devices (34,73,79,80). 

Captive bolt pistol (i.e., animal slaughtering gun //6,23,26,34,65,81,82/). 
Pneumatic hammer (83). 

Nail/stud gun (/6,84—91). 

Starter’s pistol (73). 

Blank or tear gas cartridges (21,22,92,93). 


4, PRESENCE AND POSITION OF FIREARM 


Finding a firearm, particularly in proximity to the deceased, is supportive of sui- 
cide (59). In one Texas study, a firearm was found in the hand of a suicide victim, i.e., 
one finger in the trigger guard or at least one hand loosely gripping the barrel or grip, 
in 24% of all cases (94). If a handgun was used, it was found in the victim’s hands in 
25.7% of the cases. Of those using a long gun (shotgun, rifle), 19.5% had the firearm in 
their hand, usually the left. Another study showed 20% of victims with a handgun in 
their hand compared with 11% with long guns (95). A German study revealed that one- 
third of suicide victims had a firearm in their hands (2/). A gun can be positioned in a 
victim’s hand to conceal a homicide (94). 

The Texas study showed the gun on, touching, or within 30 cm (12 in.) of the body 
in 69% of cases, and more than 30 cm (12 in.) from the body in 7% (4 of 34 the cases 
involved long guns /94/). There was no correlation found between factors such as gen- 
der, location of the entry wound and caliber of the gun, and finding the weapon in the 
hands of the victim. In multishot suicides, the firearm tends to be in the hands of or near 
the victim (55,56,96). In rare cases when two firearms are used simultaneously, half the 
victims have been observed to have firearms in their hands (97). 

The victim usually uses the dominant hand to inflict a wound on the same side of 
the body (i.e., right-handed individual shoots self in right temple), but the opposite (e.g., 
left temple entry) does occur (/6,63,98). In one series, 8% of right-handed individuals 
shot themselves in the left temple (98). The nondominant hand is also used (99). A 
weapon can rest on the side of the body opposite to the dominant hand (/00). 

Other methods of depressing the trigger are used. A toe, a long object, or a 
string/cord can depress the trigger of a long gun (Fig. 1; ref. 37). A shooting apparatus 
can be rigged by the victim (46,60). A weapon can be braced or steadied against a firm 
surface (Fig. 2; refs. 46 and 60). 

“Missing” firearms complicate a police investigation of a suicide (/6). Firearms 
are most commonly moved by family and friends, but emergency response personnel 
and police may also be responsible (94, /0/). The reasons for moving a firearm by those 
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Fig. 1. Self-inflicted firearm wounds. Depression of triggers of long guns by: (A) string 
attached to toe and (B) assist device. 


who knew the deceased include a concern about the stigma of suicide, social and reli- 
gious considerations, anxiety about the adverse effect of a determination of suicide on 
an insurance claim, and revenge (e.g., simulation of homicide). Similar motives can 
compel the victim ( ). Victims have used devices to remove weapons from the 
scene (e.g., pistol pulled by weight into river after victim shot himself; use of a rubber 
band / /). The firearm injury may not be immediately fatal or incapacitating, 
allowing the victim to leave or hide the firearm in another location ( ). The 
firearm can be stolen by individuals at the scene ( ). A firearm may be destroyed 
after the investigation is apparently complete (/06). 
Firearm alteration or tampering suggests assisted suicide or homicide (/07,/08). 


5. OTHER SCENE FINDINGS AND BACKGROUND INFORMATION IN SUICIDE 


If self-inflicted wounds are not immediately lethal, then blood can be shed at var- 
ious sites, indicating purposeful activity prior to death (Fig. 3; refs. and 
). The deceased’s footprints can be evident in bloodstains (60). 
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Fig. 2. Suicidal gunshot wound of head. Abrasion (arrow) on leg where breech of rifle con- 
tacted the leg steadying the weapon. 


A suicide note may be found at the scene. In most American and international 
studies of self-inflicted firearm injuries, a note is found in about 10 to 40% of cases 
(6,16—19,21,32,35,46,49,50,110). In one English study, a note was found in 55% of 
cases (48). Variations include discovery of a will, funeral information, an insurance pol- 
icy, or other personal papers at the scene (56,//0). A note can be incorporated as part 
of photographic album, video presentation, or on a computer (57,///). Handwriting 
analysis may be required to verify that the note was written by the victim (///). 

Information regarding a previous suicide attempt or threat may be lacking. In var- 
ious US series of suicidal firearm injuries, prior attempts or threats have ranged from 16 
to 38% (18,110). In individuals younger than 19 yr of age, this history was elicited in 
up to 42% of cases (6,/7). Previous methods described in a Texas study included over- 
dose (38%) and use of a gun (9% /32/). 

A psychiatric history or disturbance is known in about one-fifth to two-thirds of 
cases in various series (12,1 7—19,26,32,46,110). Depression is the most common prob- 
lem. Psychosis is seen in a small number of victims (e.g., murder—suicides involving fil- 
icidal mothers or family annihilator fathers //2/). 

Similar factors motivate single victims of suicide and perpetrators of murder— 
suicide (28). These include relationship problems, financial/economic stresses, poor 
health or incurable disease, ethanol and drug abuse, legal difficulties including pending 
incarceration, mental illness, low self-esteem, and a past history of physical and sexual 
abuse (/8,2/,24,37,110). Perpetrators of murder-suicide, depending on the situation, 
are driven by jealousy, retaliation, altruism (“to save the family from the evils of the 
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Fig. 3. Multishot suicide. Nonfatal intraoral wound. Considerable bleeding into pail when 
this wound was inflicted. Deceased found dead in other room from wound to chest. 
(Courtesy of Dr. E. Tweedie, London Health Sciences Centre, London, Ontario, Canada.) 


world”) or mercy (e.g., physically ailing spouse / /). A South 
Carolina study of self-inflicted firearm fatalities in individuals younger than 18 yr of 
age showed 42% had a history of risk-taking behavior (e.g., playing with firearms, drug 
and alcohol abuse //7/). About three-fourths of victims aged 65 yr or more had a high 
prevalence of cancer and other chronic, debilitating illnesses that had been diagnosed 
while the victim was alive (/S). 

Self-inflicted gunshot wounds can be witnessed (/6). In an Australian series, 10% 
of suicides were witnessed ( ). Self-inflicted firearm wounds can be sustained dur- 
ing the pursuit or apprehension by police ( ). Perpetrators of murder-suicide 
were witnessed shooting themselves in 15% of cases in one Texas study and in more 
than one-half of deaths in a New Hampshire series (26,32). 

The suicide victim may attempt to create a “gun cleaning” or “ hunting” accident 
(see Heading 21 and refs. and //5). Careful investigation is needed to determine 
whether discharge of a gun under these circumstances was an accidental death (Fig 
ref. 44). Suspicions are aroused when handguns are involved in a hunting incident (42). 
A shotgun was the most common weapon in accidental deaths, either self-inflicted or 
inflicted on others ( ). 

Self-inflicted firearm injuries are observed in “complex” suicides, i.e., more than 
one weapon or means of suicide is used (F ; refs. ). These suicides 
can be “unplanned.” Failure at one attempt (e.g., carbon monoxide poisoning, hanging) 
leads to use of a firearm even in a different locale ( )). The suicide can be 
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Fig. 4. Hunting accident. Soot on hunting jacket. Victim was holding his shotgun by the 
barrel while waving it between two fighting dogs. The weapon accidentally discharged. 
(Courtesy of Dr. E. Tweedie, London Health Sciences Centre, London, Ontario, Canada.) 
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Fig. 5. Complex suicide. (A) Contact gunshot wound, right frontoparietal area. Note lin- 
ear bruise (arrows) extending from wound corresponding to radial fracture line. (B) 
Hanging. Ligature furrow. 
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“planned.” Concurrent use of different firearms (e.g., air rifle followed by shotgun, 
simultaneous use of two guns) or a firearm and another mechanism (hanging, poisoning) 
to lessen the chance of failure of one method have been described (2/,22,36,72,97, 
116,120). 

Classification of murder-suicide is based on the relationship between the perpe- 
trator and victim (/2,24,27,29). Most victims are known to the deceased (28,29,53). The 
most common situation is spousal/consortial (40 to 85% /24—26,29,53,121]). Common 
motivations in this group include jealousy and illness (52,/2/,/22). There can be a 
background of domestic violence (26,29). Multiple homicide victims are seen in other 
types of murder-suicide scenarios (e.g., familial or “family” annihilator situation 
[28,53,122]). 

The temporal relationship in a murder-suicide varies. The killing of one or more 
persons is usually followed very soon after by the suicide of the perpetrator of the homi- 
cide (“dyadic” //23/). Eighty percent of perpetrators killed themselves within 1 h of the 
murder; however, an older individual may delay suicide for up to 1 mo (/2,28). 


6. FIREARMS 


Rifles and handguns have rifled barrels designed to impart a spin to the bullet and 
allow a truer trajectory (/6). Most shotgun barrels are smooth, and the usual projectiles 
are pellets. Rifled shotgun barrels can also fire large slugs (/6). The pellets are either 
birdshot or larger buckshot, the diameter of the latter generally being greater than 0.25 in. 
(0.6 cm /16,/24/). If birdshot is used, the pellets can number in the hundreds (/24). 
Caliber of a handgun or rifle refers to the approximate diameter of the barrel or base of 
the bullet (/6). The gauge of a shotgun refers to the shotgun barrel diameter (/24). A 
12-gauge shotgun has a bore diameter that is equivalent to the diameter (0.729 in.) of 
12 equally sized lead balls having a total weight of 1 lb (/24). The exception is a .410- 
gauge shotgun, which has a bore of 0.410 in. (/6). The only shotgun projectile that 
equals the bore diameter is a rifled slug (/6). 

Depression of the trigger of a handgun/rifle or shotgun causes the firing pin of the 
weapon to strike primer situated at the end of the cartridge case or shotgun shell. Primer 
is composed of varying amounts of lead styphnate, barium nitrate, and antimony sulfide. 
Powder grains, contained in a cartridge case or shotgun shell, are ignited by the flame 
produced by the crushed primer. The typical powder grain is about 1 mm in diameter 
(16). The burning of the powder grains generates a considerable amount of heated gas, 
which expels a projectile down the barrel of the handgun, rifle, or shotgun. Carbon 
monoxide is a constituent of the gas (/6). When a bullet or other type of projectile (e.g., 
pellets, rifled slug from shotgun) emerges from the muzzle end, there is accompanying 
flame, gas, variably burnt powder grains, smoke (soot), primer residue, and metal from 
the projectile and cartridge case (16,124,125). If a revolver is used, this material, with the 
exception of the projectile, is expelled in a perpendicular direction from the gap (cylin- 
der gap) between the rotating cylinder, which contains the bullets, and the barrel (/6). 

The appearance of the wound depends on the distance of the muzzle from the skin. 
This distance determines the deposition pattern of muzzle discharge in relation to the 
entry wound. 
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Fig. 6. Near or loose contact gunshot wound, chin. Soot has deposited around wound. 


7. CLASSIFICATION OF ENTRY WOUNDS 
Entry wounds can be classified as follows (/6): 


¢ Contact (see Headings 9. and 12.) 
o At least part of the muzzle is against the skin. 
° Characterized by soot embedded in the seared edges of the wound. 
° Hard contact entries often show little soot on the skin surface. 


¢ Loose-contact 
e The muzzle is held lightly against the surface, allowing soot to deposit around the 
wound (Fig. 6). This wider zone of soot can be inadvertently wiped away. 


e Near-contact 
o These wounds are similar to loose contact wounds and arise when the muzzle is a 
short distance from the skin surface. 


Intermediate 

© The muzzle is at a distance that allows dispersal of powder grains, resulting in indi- 
vidual impacts on the skin. 

o The resulting numerous red-brown-orange punctate abrasions are referred to as tattoo- 
ing or stippling (Fig. 7). 

o There can be associated soot deposition around the wound, but because of relatively 
low density of soot, the amount becomes progressively less as the distance of the muz- 
zle from the skin surface increases. 
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Fig. 7. Intermediate shotgun wound. Stippling. 


¢ Distant 
o The muzzle is at a distance (in order of at least a few feet) from the skin surface, which 
does not allow soot deposition or tattooing to occur. 
o An abrasion ring is noted (Fig. 8). 

Shotgun wounds acquire features owing to pellet separation at intermediate and 
distant ranges (/6,/24). Slight pellet separation away from the main shot column leads 
to “scalloping” around the main hole at intermediate ranges. Wider dispersion of some 
pellets causes smaller holes around the large main hole where most of the pellets have 
entered. Complete pellet dispersion occurs at distant ranges. Pellets in the shotgun shell 
are contained either by felt wadding or in plastic cups (Fig. 9; refs. /6 and /24). The 
wadding diameter equals the shotgun bore diameter (gauge). Wadding can enter the 
body at close and intermediate ranges of fire. 

Most entrance wounds are surrounded by an abrasion ring (exceptions are bullets 
from high-velocity rifles and semijacketed handgun bullets) caused by the mechanical 
trauma of the bullet entering the body (/6,/25). The size of the entry hole does not cor- 
relate with the caliber of the bullet because of skin shrinkage and distortion (125). 


8. Exir WOUNDS 


Gunshot exits are typically larger and more irregular than entries, reflecting the 
larger surface area of the departing bullet caused by a tumbling, deformation, or frag- 
mentation of the projectile (Fig. 10; refs. /6 and /25). Exits, with the exception of 
shored exits, do not have an abrasion ring. An exit can have an irregular abrasion if the 
site is shored against a hard surface (e.g., wall, chair; see Fig. 11 and refs. /6, 126, and 
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Fig. 8. Distant gunshot wound. Concentric abrasion ring indicating bullet entered the body 
at a perpendicular angle. 


Fig. 9. Types of shotgun wadding recovered at autopsy. (A) Felt wadding and representa- 
tive pellets. (B) Distorted plastic cup. 
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Fig. 10. Typical irregular gunshot exit wound, left temporal area (hair shaved around wound). 


). The everted skin edge of the wound impacts the surface as the bullet exits. Skin 
elasticity can prevent a projectile from exiting (see Heading 16. and Fig. 12). In con- 
tact-range shotgun wounds of the head, most pellets tend to exit as opposed to what 
occurs with torso entries (/24). In a review of suicidal and homicidal gunshot wounds 
of the head caused by different calibers of weapon, exits occurred in about half of sui- 
cides and about 20% of homicides (/6). 


9. RANGE OF ENTRY WOUNDS IN SUICIDES 


A contact wound favors suicide (. ). Most multiple self-inflicted firearm 
wounds are contact ( : ). Other muzzle-to- 
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Fig. 11. Shored exit on back. Self-inflicted shotgun wound (rifled slug) of chest. Victim's 
back braced by car seat. 


target distances are possible (/6,/28,/30). In a Dallas, TX, study, all 199 suicides by a sin- 
gle gunshot wound to the head were contact, compared with 11 (9%) of 119 homicides (63). 
Only two noncontact wounds were seen in a database of 1200 firearm suicides. In a New 
Mexico—South Carolina study of 77 suicidal firearm wounds, 97% were contact and 3% 
were intermediate. Of the homicides, 10% were contact. In the same series, one of four acci- 
dents were contact, and the other three were intermediate range (Fig. 4; ref. 30). In a Texas 
study, 97% of wounds were contact, 2% intermediate, and 1% contact/intermediate (32). 
Contact-range wounds are characterized by soot outside or inside the wound 
(16,73,92,93). The amount of soot can be considerable in certain situations: use of a 
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Fig. 12. Retention of bullet in body by skin. (A) Contact gunshot wound of chest. (B) Bullet 
palpable under skin of back (indicated by inked “X”). (C) Incision revealed bullet, which 
was easily recovered. 


percussion handgun in which the combustion of propellant is incomplete; use of a bul- 
let smaller in caliber relative to the weapon, which results in a large amount of unburned 
ammunition powder being deposited; discharge of weapon more than once through 
same entry (F ; refs. 69 and ). 

Soot is obscured by dried blood, drying of skin, decomposition, and charring 
(Fig. 14). Subcutaneous hemorrhage can also darken the wound edge. Soot can be 
absent in a contact wound if a long-barrel .22-caliber rifle is used, because the small 
powder load burns more completely in the barrel (see Heading 24.; F ; and refs. 
and /32). In some instances, unusual material is present in the wound (e.g., blue Teflon 
plug material from a .38 special Glaser Safety slug ///9/). 

Angled contact and near-contact wounds result in eccentric deposition of soot 
(16). If the muzzle of the fired weapon is angled and in contact with the skin, then pow- 
der is deposited on the part of the entry away from the muzzle. This pattern will indi- 
cate the direction of projectile travel (F ). If the muzzle is angled and not touching 
the skin, then powder deposits only on the part of the entry close to the muzzle. The 
powder does not have sufficient density to reach the opposite surface of the entry. This 
pattern indicates direction from which the projectile originated (F ). Radiography 
and wound track documentation assist in differentiating between angled contact and 
angled near contact wounds (see Heading 16.). 

In about 50% of contact wounds of the forehead, temple, and neck inflicted by 
a .22-caliber rimfire rifle, a pencil-like zone of blackened and seared skin extends 
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Fig. 13. Discharge of handgun more than once through same entry site; homicide. (A) 
Four hard contact gunshot wounds, posterior neck. One entry (arrow) shows more promi- 
nent soot deposition and bruising. (B) Skull radiograph. Five bullets. 


Fig. 14. Hard contact gunshot entry anterior to ear. (A) Wound is obscured by dried blood. 
(B) Wound area cleaned. 
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Fig. 15. Homicide (.22-caliber rifle). (A) Contact range wound, mid-forehead (note slight 
tearing). Few powder particles were seen in wound. (B) Other injuries. Laceration of gin- 
giva, sustained after mouth struck. (Courtesy of the Office of the Chief Medical Examiner, 
Chapel Hill, NC.) 


downward from the entry (F ). This is caused by a jet of hot gas and soot burning 
the skin, because either the lower margin of the barrel is not in contact with the skin 
(“incomplete” contact) or the muzzle slides down because of gravity ( ). 

Soot deposition and stippling (cylinder gap effects) can be seen on the skin near 
the entry (Fig. 19; refs. , and ). Unusual weapons (e.g., stud gun, nail gun) 
cause gas outlet burns (73). Symmetrical deposition of soot is seen if the pistol has a 
muzzle brake or vent (56). 

Interposition of fabric can create stippling (see Heading 15.; ; and refs. 
and 59). “Pseudostippling” is characterized by separate abrasions caused by lead frag- 
ments sheared from a bullet as a result of misalignment of the cylinder and barrel of a 
handgun ( ). A bullet can also fragment if objects are interposed between the muz- 
zle and skin (136). 
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Fig. 16. Angled contact gunshot wound of left chest (entry—arrow). Soot (arrowhead) is 
seen on the inferior-medial aspect of the entry, indicating that the bullet went down and 
to the right of the deceased (i.e., direction of arrow). 


Distant self-inflicted wounds are rare (e.g., weapon held at arm’s length, use of an 
assist device //6,- ,124]). 


10. LOCATION OF WOUNDS IN SELF-INFLICTED FIREARM INJURIES 


Certain entry wound sites are characteristic of, but not exclusive to, suicide 


(- )). Various sites of predilection—i.e., those accessible to the victim—have been 
observed on the head, chest, and abdomen (20,35, ). The head predominates in 
many studies ( 3,34,4! 8, ). The temple region (right 
to left) is the most common site (2/,4 ). For example, in a Texas study, 


the following distribution was noted: head wounds, 83.7% (right temple, 51.5%; mouth, 
20.6%; forehead, 8.7%; left temple, 6.3%; under chin, 4.8%; back of head, 4%; neck, 
1.8%; eye, 0.5%; other, 1.8%); chest, 14%; abdomen, 1.9%; and a combination, 0.4% 
(32). In a study by Eisele et al., the following distribution was noted: head, 74% (right 
temporal, 39%; left temporal, 5%; mouth, 9%; midfrontal, 8%; submental, 3%; right 
parietal, 3%; left head not otherwise specified, 2%, chin, orbit, other frontal, right head 
not otherwise specified, 1% each; nose, occipital, left parietal, <1% each); neck, 4%; 
chest, 18%; and abdomen, 4% (98). Temple wounds favor suicide, but homicide and 
accident are possible. One study showed that 47% of suicides involved the temple, 


312 The Forensic Pathology of Trauma 


Fig. 17. Angled near contact shotgun wound of left chest (entry—arrowhead). (A) Soot 
(arrow) is seen on the medial aspect of the wound, which was closer to the angled muz- 
zle. (B) Radiograph confirms that the pellets traveled laterally, i.e., to the left of the victim. 
Note “billiard ball” effect. 


compared with 18% of homicides and 25% of accidents (30,37). Some studies show that 
a mouth entry site is more common if long guns (rifles, shotguns) are used, but a 
Turkish study showed a handgun predominance (3 3S). Another 


series showed that the temporoparietal and temple areas were favored when rifles were 
used (98). A Swedish series revealed neck entries were associated with long guns (37). 
A series from New Mexico showed long guns favored in facial wounds (cheek, submen- 
tal area //39/). Chin entry wounds tend to be self-inflicted (30). 
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Fig. 18. Hard contact gunshot entry (.22-caliber rifle). Pencil-like area of searing extend- 
ing inferiorly from entry. 


Self-inflicted intraoral wounds are associated with soot deposition on the lips, 
teeth, or tongue (Fig. 21). Intraoral wounds can potentially be missed, particularly if 
rigor makes the mouth difficult to open (Fig. 22; ref. 137). Despite not being seen in 
some series, an intraoral wound does not exclude the possibility of homicide 
(30,37,137,140,141). Unlike a homicide, the tongue tends to be involved in suicidal 
intraoral wounds (Fig. 23; ref. 140). 

Wounds to the back of the head favor homicide and are rarely seen in suicide 
(16,142). A Texas study showed that, in 10 such cases, 7 involved handguns, 2 used 
rifles, and 1 had a shotgun (32). Another series revealed that 2.5% of self-inflicted 
wounds were to the back of the head, compared with 14% of homicides (30). Other 
unusual entry sites are possible (/6). These include the top of the head, nose, ear, eye, 
umbilicus, and back (37,46,51,57,66,/17,143). An intrarectal wound raises the possibil- 
ity of sexual paraphilia (see Chapter 3, Subheading 2.7.2. and ref. 56). 

A self-inflicted chest wound tends to be precordial, whereas a wider distribution 
is observed in homicides (37,59,/02). 

Self-inflicted abdominal wounds tend to involve the upper quadrants (/44). 


11. MULTISHOT SUICIDES 


A multishot suicide arouses suspicions of homicide, and the autopsy is an essen- 
tial part of the investigation excluding this possibility (22,55,57,59,60,67,72,109, 111, 
128,129,145). A North Carolina series of 58 multishot suicides showed that they com- 
prised 1.6% of firearm suicides and 0.7% of gunshot wound deaths (67). A Swedish 
series showed that 3% of firearm suicides were multishot, compared with 57% of 
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Fig. 19. Contact wound, right temple. Note areas of soot (arrows) in front of ear, which 
were deposited through the cylinder gap of revolver. 


homicides (37). A German study showed that more than one gunshot injury was found 
in 5.6% of suicides, compared with about 54% of homicides (5/). 

There are various reasons why multiple shots are fired in a suicide: lacking 
anatomical knowledge, the victim misses vital organs (see Heading 14.); the victim’s 
hand flinches when the trigger is pulled; defective, improper, or low-velocity ammuni- 
tion is used and penetrates the body (e. g-, skull) superficially; and certain types of 
weapons are used (/¢ 3 f 6). Grazing and superficial 
perforating wounds are seen (Fig. 24; ref. /6). 
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Fig. 20. Contact gunshot wound of chest. The shirt acted as an “intermediary” target. (A) 
Dark shirt and dried blood obscure soot. (B) Shirt removed. Wound cleaned. Apparent 
stippling pattern. 


Multishot suicides commonly involve the precordium, alone or in combination 
with head and abdominal wounds (55,67,/45). Up to 14 entries in the chest have been 
described (.22-caliber rifle with a clip /60/). The exclusive presence of head wounds in 
multishot suicides is unusual (see Fig. 25 and refs. 22, 67, J11, 117, 120, and 146). Up 
to five gunshot entries have been observed (.32-caliber revolver /57/). Eight wounds to 
the head and neck using blank cartridges have been described (73). 

More than one weapon can be used and fired simultaneously (/6,55,/47,148). 
Intraoral wounds have been noted in multishot suicides (22). 

Tandem bullets fired through one entry are attributed to misfire, 1.e., insufficient or 
defective powder owing to contamination or deterioration (/49, /50). Other reports have 
described multiple shots through a single entry (96, /45). 


12. OTHER EXTERNAL FEATURES OF CONTACT ENTRY WOUNDS 


Contact range entry wounds can appear stellate where there is relatively thin skin and 
soft tissue overlying bone (e.g., the head; see Figs. 14, 15, 26, and 27 and ref. /6). This 
mimics an exit wound. Gas blowback and energy dissipation result in the skin being tem- 
porarily lifted from the bony surface and splitting (/6). In high-velocity injuries, tissue can 
be ejected from the entrance, giving the false impression of tissue extruded from an exit 
(16,/51). The tearing can be severe if there is a high volume of gas (e.g., tear gas cartridge, 
high-velocity rifle, shotgun //6,93/). A high-velocity wound of the mouth can be associated 
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Fig. 21. Intraoral self-inflicted gunshot. Soot deposition on lower incisors (arrow). 


with extensive fracturing of the skull and tearing around the nose, eyes, and mouth (/6). 
Perioral “stretch” lacerations are limited to mouth entries (Fig. 28; ref. 138). Extensive tear- 
ing of the wound requires approximation of the skin edges to determine the entry site 
(Fig. 29; ref. /6). Distant wounds may be stellate if a projectile enters a bony prominence 
(e.g., supraorbital ridge, zygoma, mandible //6,/32,/52/). Tearing is enhanced if the bul- 
let is distorted or tumbles. A bullet entering and exiting the same hole can partly tear the 
wound edge (e.g., .38-caliber revolver, right temple entry //53/). Certain types of weapons 
have been described as causing “irregular” entries (//9). Falling, after wounding by a 
firearm, causes cutaneous injuries (e.g., facial abrasion //45/). 

Lifting of the skin against the barrel of the handgun, rifle, or shotgun can result in a 
muzzle imprint (Figs. 26 and 30 and ref. /6). It can be used to correlate a weapon with an 
injury, particularly if no bullet is recovered; however, the muzzle imprint can be larger 
than the actual size on the weapon (/6,//3). The finding of a muzzle imprint also supports 
the circumstances of a multishot suicide (22,57,59,62). Variations of a muzzle imprint 
have been seen when a blank cartridge, nail gun, or ejector rod is involved (73,55,92,107). 
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Fig. 22. Intraoral (hard palate) contact wound. Jaws were clenched from rigor. Viewed 
internally from below following removal of tongue and anterior neck structures. 


13. EXAMINATION OF HANDS IN SUICIDE BY FIREARM 


Certain features on the hands support the circumstances of suicide, particularly in 
multishot cases ( ). The hands need to be covered by paper bags to protect evi- 
dence, particularly if there are suspicions surrounding the death ( ; ref. /6). 
Plastic bags create condensation when the body is refrigerated (/6). Fingerprinting and 
hand washing, as part of body preparation prior to the pathologist’s examination, jeop- 
ardize the documentation and collection of evidence ( 32; refs. 1/6 and 

Primer residues, not visible to the naked eye, are deposited on the hands (see 
Heading 24. and refs. and ). Blood and/or tissue (e.g., brain matter, if a head 
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Fig. 23. Intraoral gunshot wound. Soot on tongue (arrows). Laceration extending posteriorly. 


wound) owing to blowback (“backspatter”) may be found on the dorsum of the hand that 
fired a pistol/revolver (firing hand) and the hand that steadied the muzzle (nonfiring 
hand; see Heading 23.; 3; refs. , and ). Radial skin tearing around 
tight contact wounds is not an invariable finding associated with backspatter (/56). 

If the nonfiring hand is used to steady the end of the muzzle of the handgun, rifle, 
or shotgun, and the muzzle is not tightly apposed to the skin, then soot can be deposited 
on the thenar aspect of the palm, i.e., the index finger and thumb (“muzzle gap effect;” 
Figs. ; and refs. /6 and 55). If the weapon is a revolver, then soot can be seen on 
the hypothenar aspect, i.e., little and ring fingers (“cylinder gap effect;” see Fig. 34). 
Associated injuries (e.g., lacerations) can occur if a higher velocity weapon is used 
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Fig. 24. Multishot suicide (see Fig. 51). (A) Contact gunshot wound on left forehead. Track 
was subcutaneous and the cranium was intact. Exit (arrow). (B) Blood stains on face and 
left shoulder support the observation the victim was upright when the nonfatal head 
wound was inflicted. He was supine after the fatal chest wound (arrow) as indicated by 
the tracking of blood from the wound to his back. 


(Fig and 35). Yellow-brown discoloration on the palm of the hand holding the bar- 
rel of a Weapon is a “rust” stain caused by moisture and perspiration (F ; ref. /6). 
Linear scars on the wrists suggest a previous suicide attempt (73). 


14. SIGNIFICANCE OF BLOODSTAINS 


Blood spatter on the hands assists in determining whether a wound was self- 
inflicted (see Heading 13.). 
Vertical blood spatter on the body, clothing, and adjacent surroundings can indicate 
an upright position (sitting or standing) following infliction of the wound (Fig. 24; refs. 
and ). Tracking of blood posteriorly from a wound indicates that the 
deceased was lying supine ( ; ref. ). In multishot suicides, the distribution and 
extent of bloodstains assist in determining the degree of incapacitation caused by the var- 
ious wounds. For example, the injurious effects of an intraoral wound, described in one 
case, appeared more prolonged compared with a temple entry, as indicated by the consid- 
erable amount of blood on the front of the body of the deceased and little on the shoulder 
(22). The finding of blood at different sites of the death scene of a multishot suicide indi- 
cates purposeful activity prior to the incapacitating wound (see Heading 18. and Fig. 3). 


15. CLOTHING 


Individuals with self-inflicted firearm injuries can be nude, bare the entry site by 
opening their clothes, reclothe themselves after firing, or be clothed ( 
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Fig. 25. Multishot suicide. Three gunshot wounds of head. (A) Two hard contact wounds 
under chin. (B) Wound tracks passed through the mouth and mid-facial bones exiting 
above and below the eye. The cranial cavity was not penetrated. (C) Third hard contact 
wound above right ear. (D) Wound track passed through the brain and exited from the left 
scalp. (Courtesy of the Canadian Society of Forensic Science Journal.) 


5). Shooting through clothing is not an indicator of homicide (/58). 
Retention of clothing is essential in the police investigation (/6). 

Clothing alters the appearance of wounds by acting as an intermediary target (see 
Heading 9.). If clothing or other material is interposed between the muzzle and skin, then 
soot deposits on the fabric, and other characteristics normally associated with a contact range 
wound, are altered (Fig. 20; refs. /6, 55, and 59). Injuries caused by clothing acting as an 
intermediary target can mimic a contact wound (Fig. 38). Collection of clothing and any 
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Fig. 26. Hard contact gunshot entry, right temple. No soot is seen on the skin surface. The 
wound edge is stellate. A muzzle imprint (arrow) is evident. (Courtesy of the Office of the 
Chief Medical Examiner, Chapel Hill, NC.) 


other interposed material is essential (159). Soot may be absent on the wound (55). Soot is 
also obscured by dark clothing and blood (Fig. 20; refs. /03 and /60). Little bleeding around 
an entry usually involves a small-caliber weapon and an area of the body either under pres- 
sure from clothing or elevated. The edge of the material around the entry can be burned (60). 


16. POSTMORTEM RADIOGRAPHY 


Radiography is an essential component of firearm injury examination. 
Anteroposterior and lateral radiographs assist in determining the location, nature, and 
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Fig. 27. Stellate appearance of large hard contact gunshot entry of right temple mimics an 
irregular exit wound. 


path of projectiles in the body (/6). Lateral radiographs are particularly helpful if there 
is an anterior torso entry and the bullet does not exit from the back. Reliance on only an 
anteroposterior radiograph leads to a mistaken assumption that a bullet is deep within 
the body, resulting in a time-consuming search. The posterior location of the projectile, 
indicated on the lateral radiograph, means that simply palpating and incising the skin on 
the back allows easy recovery (Fig. 12). More sophisticated radiological techniques 
(MRI, CT) may play a role in the assessment of firearm injuries (/6/). 

The deposition of radiodense material (lead) from nonjacketed bullets around a 
contact or near-contact wound assists in distinguishing an entry from an exit wound, 
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Fig. 28. Intraoral shotgun wound. Tears around mouth. Perioral stretch lacerations (arrow). 


useful when wounds have been obscured by blood, thick hair, skin pigmentation, 
decomposition, medical alteration, and insect or animal activity (/¢ 53). The 
presence of lead is confirmed by scanning electron microscopy/energy-dispersive 
X-ray. Skull wounds owing to gunshots can have lead fragments deposited on the 
outer table of the cranium (/6). Lead fragments also indicate the path of a wound 
track. Lead fragments can trace the path of an intracranial ricochet (see Subheading 
19.4, and ref. /6). 

High-velocity ammunition fragments (e.g., from a hunting rifle) create a “snow- 
storm” pattern ( ). Despite the observation that metal fragments from a partly 
jacketed centerfire weapon are distributed as a cone with its apex oriented toward the 
entry, one study showed that predicting the direction of travel, based only on lead 
“snowstorm” seen on a radiograph, was difficult (/62). 

Shotgun wadding is not usually radiopaque. An exception occurs when lead is 
deposited on fiber wads ( ). Dispersal of pellets (“billiard ball effect’) in the body 
is not a sign of a distant shotgun wound and is seen in contact wounds (Fig refs. 
and ). Pellets can deform within the body (/64). 

Radiographs are also used to document other foreign bodies and injuries (56). 
Radiographs demonstrate unique features of certain types of projectile injuries (//9). 
Tandem projectiles (e.g., .22-caliber bullet and barrel-cleaning brush from a rifle) have 
been observed (/65). In nailgun suicides, a straight steel nail is found in a self-inflicted 
wound as opposed to a bent nail in a bystander or user accidentally injured by a rico- 
chet (8 16: ). A straight nail can be seen in a bystander when the nail has over- 
penetrated a wall or was fired in midair. 
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Fig. 29. Large-caliber gunshot wound of the forehead. Extensive destruction of cranium. 
Reconstruction of entry wound. (Courtesy of the Office of the Chief Medical Examiner, 
Chapel Hill, NC.) 


Radiographs must be done in any case where there is an apparent exit. That exit 
can be created by a partly fragmented bullet or a piece of bone (/6). If there is a jacket 
and core separation of a partly jacketed bullet in the body, radiographs help in the recov- 
ery of the jacket, which shows rifling striations (see Heading 21; Fig. 40; and ref. /6). 
Even when there is considerable skull destruction from shotgun pellets, a radiograph 
confirms the presence of at least a few residual pellets (/6). A radiograph can locate 
small residual fragments of a projectile in a through-and-through gunshot wound. These 
fragments can be analyzed and compared with ammunition that may have been used 
(16). If a projectile is not evident in the radiograph despite the lack of a skin exit, then 
possibilities include an ignored or missed exit, a nonradiopaque projectile (e.g., plastic 
bullet), projectile embolization (usually shotgun pellets, small-caliber bullets) and dis- 
charge of a blank cartridge (16,73,92,93,169, 170). 

If the bullet and its fragments are not found after the brain is removed, the brain 
must be X-rayed to confirm that the bullet is still present. Bullets can migrate within the 
cranium (/7/,/72). 
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Fig. 30. Hard contact shotgun entry, chest. (A) Soot is not visible on the skin. A muzzle 
imprint (arrow) is observed. (B) Entry, chest wall. Bright red stain (edges indicated by 
arrows), indicating expulsion of carbon monoxide from muzzle. (See Companion CD for 
color version of this figure.) 


17. ENTRY WOUND ALTERED BY MEDICAL CARE 


If an entry wound is altered by medical care, then the pathologist needs further 
information from hospital personnel regarding what was done (Fig. 41; refs. 16, 66, 99, 
and /34). The major concern, in an emergency setting, is the care of the patient who has 
sustained a life-threatening firearm wound. The focus is on internal injuries, but the 
accurate documentation of external trauma is important for a medicolegal investigation, 
particularly if the individual survives (173). Medical personnel, inadequately trained to 
interpret the features of firearm injuries and pressured by the time constraints of resus- 
citation, miss wounds and misinterpret entry and exit wounds (/6,99,/32,174). There 
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Fig. 31. Self-inflicted firearm injury. Hands covered by paper bags to preserve evidence. 


may be varying descriptions of the wounds in the clinical records, and discrepancies 
regarding the size and shape, range, location, and direction of fire arise (173 ) A 
wound in a hospitalized patient is also altered by infection and healing (/6). Continuity 
of evidence issues also can arise in the clinical setting (174). 

Specimens from the wound site and track may be resected and submitted for patho- 
logical examination (/75). The pathology laboratory must have a system to ensure 
continuity of evidence. The specimen should be examined by a pathologist with forensic 
experience and documented with photographic images. Inquiries may be made by the 
police regarding a specimen and any recovered projectiles. Provision of this evidence to 
the police is only with a patient’s consent or under legal warrant and must be recorded. 


18. INJURY POTENTIAL AND LETHALITY 


The projectile directly crushes tissue (176). As a projectile passes through the body, 
tissue is temporarily (in the order of 10 ms) accelerated in a radial direction ( ). The 
maximum radial extent of the “temporary cavity” is dependent on the amount of energy 
released from the projectile and the degree of tissue elasticity ( ). The 
energy of a projectile increases exponentially based on its velocity (kinetic energy = mv/2 
where m is the projectile’s mass and v is the velocity / /). Civilian hunting rifles 
have velocities ranging from 600 to 1200 m/s (2000-4000 ft/s), civilian handguns less than 


Chapter 6/Penetrating Trauma a27 


Fig. 32. Fingerprinting of hands mimics soot deposition. 


300 m/s (1000 ft/s), and a .22-caliber rifle 300 to 380 m/s (1000-1250 ft/s /777/). A bullet 
from a hunting rifle generates a large temporary cavity (Fig. 39; ref. 179). The temporary 
cavity collapses into a “permanent cavity,” ie., a grossly visible wound track generally 
wider than the bullet diameter (Fig. 42; refs. /6 and /77). The size and shape of a perma- 
nent cavity is not necessarily dependent on the caliber of the weapon (/77). If a low- 
velocity firearm (e.g., handgun) is involved, tissue elasticity of tissue can cause a wound 
track to be smaller in diameter than the projectile (/6). The size of the temporary and per- 
manent cavities is determined by the nature of the tissue. Less elastic tissue—e.g., brain as 
compared with muscle and skin—undergoes a larger area of cavitation, resulting in a wider 
wound track (/6,/76). Energy dissipation is furthered when the bullet deforms and deviates 
along its path in the body (/6,/76). This can cause a track to appear more irregular (177). 
Bullet fragmentation is enhanced by contact with bone (/76). The track may be wider close 
to the entrance site if the tissue has been lacerated by bone fragments from the entrance 
fracture or wider closer to the exit site when tumbling of the bullet has occurred (142). 
Despite the localized area of tissue destruction, effects are actually more widespread 
grossly and microscopically, even when low-energy ammunition is involved (/6,/77, 
180,181). For example, in cases of low-velocity fatal gunshot wounds to the head, the usual 
scenario is respiratory arrest, followed by cardiac arrest, within seconds to minutes 
(142,180,182). The permanent track in the brain appears as a line of hemorrhage and necro- 
sis, associated with hyperchromatic shrinkage of neurons and loss of glial fibrillary astro- 
cytic protein and B-amyloid precursor protein immunostaining within 2 to 4 mm (about 
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Fig. 33. Suicidal gunshot wound (head). Blood spatter on dorsum of right hand (firing hand). 


0.125 in.) of the track (/6/,/53). The rigid confines of the cranium enhance pressure cre- 
ated by temporary cavity formation (/29,/76). During the passage of the projectile in the 
brain, distant effects outside the visible wound track occur. Pressure marks (grooves) are 
observed on the uncal gyri and cerebellar tonsils (/77). They are not necessarily caused by 
cerebral edema, although this has been observed within minutes of wounding (/77). Brain 
contusions are observed in the vicinity of the entry (coup) and on the opposite side (con- 
trecoup) of the brain, including the exit site (Fig. 43; ref. 177). Contusions may be seen on 
the base of the frontal, temporal, and occipital lobes, similar to blunt trauma injuries, and 
the cerebellar tonsils from contact against the base of the skull and falx tentorium, respec- 
tively (Fig. 44; ref. 176). Posterior fossa entrance wounds are associated with a laceration 
of the corpus callosum as it collides with the ventral margin of the falx. Contusions, indi- 
rect skull fractures (see Subheading 19.3.), and cerebral perivascular hemorrhages 
(petechiae) are signs of increased intracranial pressure, and the mechanism of death is 
brainstem dysfunction (176,177,182). Gross and microscopic examination can show basal 
ganglionic, brainstem, and cerebellar hemorrhages remote from the wound track (Fig. 44). 
Diffuse axonal injury at distant sites has been described (/76,/50). If the amount of energy 
dissipation by the projectile exceeds the elasticity of the organ, bursting occurs (/6,/79). 
Very destructive injuries are apparent. In contrast, the injuring capability of a very low- 
velocity projectile is simply the result of its penetration of a vital structure (/6,72). 

The assessment of firearm injuries includes the determination of how quickly an 
individual dies. Incapacitation is defined as the inability to perform complex and longer 
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Fig. 34. Contact wound of head from high-caliber handgun. Examination of hand used to 
steady muzzle (nonfiring hand). (A) Soot around laceration on thumb (muzzle-gap effect). 
(B) Soot around laceration on ring finger (cylinder-gap effect). 


lasting movements because of brain injury or massive blood loss (see Heading 14.; refs. 
129 and 176). The duration of survival and level of consciousness influence whether 
purposeful activity was possible after the wound was inflicted (e.g., repeated weapon 
discharge in a case of multishot suicide; see Fig. 3 and refs. 55 and /09). The finding of 
two instantaneously lethal wounds in an apparent multishot suicide is suspicious of 
homicide, except when two guns are used (55,/29). 

The majority of firearm deaths are related to traumatic brain injury; for the period 
from 1989 to 1998, firearms were the leading cause of fatal traumatic brain injury in the 
United States (/84). Injuries of certain areas of the brain (internal capsule, diencephalon, 
basal ganglia, cerebellum, brainstem, upper cervical cord) are considered immediately 
incapacitating and lethal (16,55,57,/11,129, 182,185). A higher survival rate is seen when 
brain injuries are limited to a single cerebral lobe compared with tracks crossing the mid- 
coronal and midsagittal planes (/86). The sella turcica and the base of the anterior cra- 
nial fossa act as a horizontal bony barrier against radial tissue displacement and 
overpressure posteriorly from a frontal injury (/S2). Frontal lobe injury allows survival 
in some cases (47,67). The frontal lobes are areas of the brain not essential to purpose- 
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Fig. 35. Contact shotgun wound to head. (A) Blood spatter on thenar aspect of hand 
steadying end of muzzle. (B) Hand cleaned. Soot (arrow) and lacerations visible (muzzle- 
gap effect). 


ful action or consciousness, but, depending on the caliber of the weapon, wounds at this 
site can be either instantaneously, rapidly, or not immediately lethal (///,/29,/82). 
Missiles, either crossing the midcoronal and midsagittal planes or present in the poste- 
rior cranial fossa, were lethal in all cases in one study (/86). These sequelae occurred 
regardless of caliber (/56). 

Spinal gunshot wounds tend to fracture or shatter the vertebrae through which they 
pass, but incomplete involvement of the intervertebral ligaments maintains the stability 
of the vertebral column (/87,/88). The spinal cord is injured by the crushing and tear- 
ing effect of the primary track, and the effects on the spinal cord of the temporary cav- 
ity is less because the spinal cord is less tightly confined by the spinal canal. Vertebral 
artery injury, including propagation of bilateral vertebral artery thrombi to the basilar 
artery, can occur (/89). 
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Fig. 36. Soot on thenar aspect of palm holding the end of a shotgun muzzle (muzzle-gap 
effect). 


Marked secondary ischemic brain injury, brain swelling, and intracerebral hemor- 
rhage, no different from that associated with severe blunt force injury, occurs in cases 
of gunshot wounds that survive for more than a few hours after the injury (/42). 

Bleeding from a cerebral venous sinus allows a short period of purposeful activity 
(182). 
Wounds of the heart and aorta are rapidly lethal, allowing some voluntary move- 
ment for 10 to 15 s, although more prolonged activity has been observed ( 

)). When targets of “secondary” importance (e.g., liver, kidney, lung) 
are injured, bleeding is extensive, but the victim can be conscious and survive for a 
period of time (minutes) (/29). 

Nonlethal self-inflicted firearm injuries involving the lower face, mouth (palate), 
and frontal bone have been observed ( ). Delayed morbidity and mortality 
caused by infection from firearm and air gun wounds have been described (Fig. 45; refs. 

, and ). 
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Fig. 37. Gunshot suicide. Rust stain on palm of wet hand holding rifle barrel. 


19, FIREARM INJURIES INVOLVING THE SKULL 


The likelihood of a perforating injury of the skull increases with the caliber and 
velocity of the bullet, and with the proximity of the weapon to the head at the time of 


discharge ( ). 

The shapes of entry and exit wounds in the skull are variable, but most entries gen- 
erally are round or oval ( ). Exits tend to be irregular and larger because of 
projectile tumbling and deformation (/9/,/92). Bone fragments do create multiple 
internal wound tracks in the brain ( ). 

19.1, Beveling 

A cratered defect appearing on the inner (“beveled-in’) or outer (“beveled-out’”) 
bony tables is seen in gunshot entry and exit wounds, respectively (/6,/93). Typically, 
beveling is observed in the skull but can be seen in other bones (Fig. 46). No association 


has been found between the size of the entry and the extent of beveling (/94). Asymmetric 
inner beveling does not assist in determining the trajectory of the track (194). 

Beveling assists in the determination of the direction of fire—i.e., entry vs exit— 
particularly if the cutaneous entry has an unusual shape or is not assessable because of 
fragmentation, decomposition, or surgical intervention (/93,/94). Beveling can be 
absent if there is involvement of thin bone (e.g., orbital plates, maxilla) or dense bone 
(petrous temporal bone //6,/91/,193/). A beveled-in entry can show outer beveling (/6). 
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Fig. 38. Homicide. Three rifle wounds of torso. (A) Entry, left lower abdomen. Semicircular 
abrasion suggested muzzle imprint and implied the accused “finished off” the deceased 
at close range after firing two shots at a distance. (B) Examination of deceased’s pants 
showed that a bullet had struck and deformed a circular metal button near the beltline. 


Examples include a keyhole defect resulting from tangential shooting, perpendicular 
contact gunshot wounds, and distant wounds (Fig. 47; refs. /93—196). Bullets can, on 
rare occasions, exit through an entry, which then shows outer beveling (/53). Various 
mechanisms to explain outer beveling in an entry site have been proposed. They include 
temporary cavity formation by high-velocity projectiles and blowback of gases in con- 
tact-range wounds. The latter is supported by the observation of bone fragments outside 
the skull (152,191,196). Twisting of the bullet has been dismissed. 

An exit associated with a contact range wound of the head can show inner bevel- 
ing (19/,/97). An exit can also show a keyhole defect unrelated to a tangential shot 
(197,198). 


19.2. Fracture Patterns Associated With Entry Site 


If kinetic energy is totally absorbed at the entry site, then fractures are not present 
(191). Circumferential stresses around the entry and exit lead to radial fractures (Fig. 5; 
refs. 197 and /99). The radial fractures are not as long at the exit because less energy is 
available by the time the projectile reaches this site. Intracranial overpressure leads to 
concentric fractures around entry and exit holes (/ 76,200). These fractures connect with 
already formed radial fractures, which indicates that they occur after radial fractures 
have formed (/76). The concentric fractures adjacent to exits are less conspicuous than 
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Fig. 39. High velocity hunting rifle used to commit a homicide. (A) Radiograph: “snow- 
storm” pattern owing to fragmentation of the bullet. (B) Considerable destruction of heart 
in wound path, a reflection of the large temporary cavity created during passage of the 
projectile. (Courtesy of the office of the Chief Medical Examiner, Chapel Hill, NC.) 


a 
A. 


Fig. 40. Contact head wound. Partial-jacketed bullet. (A) Jacket (arrow): core separation, 
seen in radiograph. (B) Removed projectile. The jacket shows visible linear striations 
(arrows), a general characteristic of the barrel rifling. 


those around entries (200). Concentric fractures are not observed without radial frac- 
tures (200). Because bone strength is less in tension than in compression, concentric 
fractures can appear beveled-out (200). Radial fractures are seldom extensively beveled 
(200). Fracture lines from an exit are arrested by preexistent entry fractures, implying 
that fractures propagate faster than a bullet travels ( ). If multiple entries 
are present (e.g., multishot suicide), then interrupted fractures can assist in determining 
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Fig. 41. Surgical alteration of a contact gunshot wound of the head. 


the sequence of shots (22,20/). If cutaneous entry and exit wounds are altered (e.g., 
decomposition), beveling and intersection of fracture lines are helpful in distinguishing 
them (201). 


19.3. Fractures of Skull Base and Entire Skull 


The base of the skull is predisposed to fracture because of its variable thickness and 
perforation by nerves and vessels (65). If there is an entry directly involving the base, 
then a majority of cases show fractures of the middle cranial fossa (65). Temporary cav- 
ity formation results in fractures remote from the entry site. Low- and high-energy 
firearms cause “indirect” fractures of the anterior cranial fossa (e.g., thin orbital and 
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Fig. 42. Self-inflicted gunshot wound. Coronal slice of formalin-fixed brain. Circumscribed 
wound track caused by low-caliber gun. 


ethmoid plates; see Fig and refs. : , and ). Fractures of the middle and 
posterior cranial fossae tend to be associated with higher velocity weapons (65). “Hinge” 
fractures, extending across the middle cranial fossa, are associated with high intracranial 
pressure resulting from shotgun or hunting rifle injuries (65). Gas “blowout” of the ante- 
rior head area has been described in contact shotgun wounds of the temple (202). Bullet 
wounds of the head can cause basal skull fractures and fatal brain contusions without 
actual penetration of the brain (see Subheading 19.5. and ref. /6). 

Massive skull destruction is seen typically, but not invariably, in certain contact- 
range wounds. This depends on the kinetic energy of the projectile and volume of gas 


generated (Fig refs and ). Examples of weapons causing 
severe destruction include magnum revolvers, hunting/military rifles, and shotguns 
(59,€ ). Contact shotgun entries in the temple, forehead, and 


scalp generally leave the face intact. Wounds of the mouth and submental area can 
destroy the face. 

Massive brain destruction with ejection of tissue is possible ( )s 
Tremendous destruction of the brain does not preclude a neuropathological examination 
for underlying disease that could have precipitated the fatal incident (205,206). 


19.4. Intracranial Ricochet 


Bullets, associated with penetrating injuries, usually come to rest without reach- 
ing the contralateral inner skull surface (/42). Intracranial ricochets typically involve a 
small-caliber weapon (/6). From the skull entry site, the path of the bullet in the brain 
parenchyma is straight (F ; Ter. ). The bullet, after passing through the brain, 
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a, ae 
Fig. 43. Cerebral contusion (arrows) opposite (contrecoup) to the gunshot entry site (right 
temple). Formalin-fixed brain. 


strikes the inner table and usually re-enters the brain, creating a superficial “gutter” on 
the surface (Fig. 50). The ricochet path can be extensive. A projectile, on its original 
path before it ricochets, can cause an impression or an outwardly displaced fracture at 
the site of impact on the inner skull table (Fig. 50; ref. 76). In most cases in which a 
ricochet from the contralateral skull surface occurs, the initial track of the bullet is the 
most prominent one but, in some cases in which fragmentation of the projectile has 
occurred, it may be difficult to determine the initial direction of the bullet. 


19.5. Tangential Gunshot Wounds 


Tangential gunshot wounds to the head occur when a bullet or bullet fragments do 
not penetrate the inner table of the skull. These injuries are sometimes fatal, but they are 


338 The Forensic Pathology of Trauma 


Fig. 44. Intraoral self-inflicted shotgun wound. Injuries remote from the wound track. 
Cerebellar tonsillar contusions (arrows). Brainstem hemorrhages (arrowheads). Formalin- 
fixed brain. 


usually seen when the victim dies because of other injuries. In one series, on clinical 
examination, 25% of subjects with tangential gunshot wounds showed CT abnormali- 
ties, which included skull fractures, isolated cortical contusions, and isolated subarach- 
noid, subdural, or intracerebral hemorrhages (Fig. 51; ref. 207). In addition, intracranial 
hemorrhages at more than one site—including, on rare occasions, epidural hemor- 
rhages—are found in 43% of cases with CT abnormalities. Bleeding in the cranium is 
also more likely if the victim lost consciousness at the time of impact or showed a 
Glasgow coma scale score of less than 15 when examined in the hospital. A temporal 
or parietal region impact site, skull fractures, and retained bullet fragments in the scalp 
or skull are also associated with a greater risk of intracranial hemorrhage. 


20. REMOTE INTERNAL INJURIES 


Ocular findings may be seen with contact head wounds. Periorbital hemorrhages 
(“raccoon eyes’’) caused by orbital plate fractures from brain impact and cerebrospinal 
fluid pressure can be seen (see Subheading 19.3.; Fig. 48). Petechiae of the eyes have 
been associated with contact wounds of the head and neck and are likely secondary to 
gas expansion, particularly if these wounds are in proximity to the orbit (155). Ocular 
petechiae also have been seen in a case of a shotgun injury of the neck (155). Scleral 
and conjunctival hemorrhages have arisen from a venous pressure wave owing to a con- 
tact gunshot wound of the chest inflicted by a .357 magnum revolver (//2). 
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Fig. 46. Intracranial gunshot wounds. (A) Gunshot entry. Inner table of skull: “beveled-in.” 
(B) Gunshot exit. Outer table of skull: “beveled-out.” 


The effects of gas or “blast injury” owing to close-range discharge can result in 
vessel tears. For example, vascular rupture has been seen without an associated wound 
track in a tear gas cartridge discharge (93). A blank cartridge, which inflicted a neck 
wound, has been observed to cause carotid artery and jugular vein lacerations (92). A 
cardiac laceration has resulted from a blank cartridge discharge on the chest (73). 
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pee 
Fig. 47. “Keyhole” defect of skull. (A) Distant gunshot wound, right forehead. (B) 


“Keyhole” defect on skull (direction of bullet—arrow). (Courtesy of Dr. E. Tweedie, London 
Health Sciences Centre, London, Ontario, Canada.) 


b 


Wounds involving the head and other sites (e.g., abdomen) are associated with visi- 
ble subendocardial hemorrhage in the interventricular septum (Fig. 52; ref. 208). Blunt 
head trauma can also cause this. The mechanism is thought to be sympathetic overactivity 
and consequent catecholamine excess (208). Microscopic examination revealed myo- 
cardial contraction bands in a case of a head wound sustained from a starter’s pistol (73). 


21. OTHER ASPECTS OF INTERNAL WOUND TRACK EXAMINATION 


The deeper soft tissue and bone, if involved, need to be explored and sampled to 
determine the presence of soot (16,57,59,/4/). This is helpful in the determination of 
range, particularly if a multishot suicide has occurred. Soft tissue, such as muscle, can 
be stained bright red because of the expulsion of carbon monoxide from the muzzle 
(Fig. 30; ref. /6). In certain instances (e.g., tear gas cartridge), the track can be crepi- 
tant (93). 

The direction of the wound track in relation to the deceased must be documented 
(101). The trajectory can favor self-infliction (37,5/). A track extending anteriorly (back 
to front) or downward from the right temple is uncommon in suicide (37,5/). An intra- 
oral wound, which has a track directed up, favors suicide. A track extending horizon- 
tally or down suggests a homicide (5/,/37,/40). Self-inflicted chest wounds can be up, 
down, or horizontal, but left-to-right tracks are unusual (5/,55,59,/05). Unusual trajec- 
tories require reconstruction based on different body positions (209). Apparent hunting 
accidents, masking suicides, have contact wounds (see Heading 5. and ref. /6). If the 
victim is bent over the rifle or shotgun, then the wound track is down (/6). Depending 
on whether the victim rotates counterclockwise with the right hand or clockwise with 
the left hand to reach the trigger of the long gun, the track passes to the victim’s left or 
right, respectively. 

Recovery of an intact bullet allows a match of its rifling marks to the fired weapon 
(16). Care must be taken not to handle a relatively soft lead projectile with metal instru- 
ments, which can alter the rifling marks. If the bullet is partly jacketed, rifling markings 
on the jacket are better defined than those on the softer lead core (Fig. 40; ref. /6). 


Chapter 6/Penetrating Trauma 341 


Fig. 48. Contact gunshot wound of head. (A) Periorbital hematomas (arrows) indicative of 
orbital plate fractures. (B) Orbital plate fractures (arrows). 


Although shotgun barrels are smooth-bored, finding shotgun wadding provides a deter- 


mination of the gauge of the weapon and the make of the ammunition (F ; ref. /6). 
Pellets can number in the hundreds, and only a representative number are collected for 
evidence ( )). Bullets do fragment, reducing their evidentiary value (e.g., .22 caliber 


bullets are less likely to be identified with a specific weapon); however, recovered frag- 
ments can be linked, by compositional analysis, to known bullets fired by a suspect gun 
( ). The degree of bullet deformation and fragmentation depends on the location of 
the wound (e.g., head /63/). Fragmentation of a bullet creates multiple wound tracks 


( ). 


342 The Forensic Pathology of Trauma 


Fig. 49. Intracranial bullet ricochet. (A) Near contact gunshot wound of right temple. (B) 
Radiograph of skull showing path of bullet fragments (arrow) from entry site along wound 
track. Large bullet fragment on left skull base (arrowhead). 


22. WOUND RETENTION AND MICROSCOPIC EXAMINATION 


The wound, if intact, is excised and fixed in formalin (/24). If there is consider- 
able tissue destruction, then the margins of the entry need to be removed as well as pos- 
sible. Submission of the wound for further analysis for soot and primer residue in 
probable suicide cases depends on the jurisdiction and circumstances of the case. If 
there are suspicions regarding the death, the wound must be submitted for further analy- 
sis. The pathologist can sample the skin and soft tissue of the entry to confirm the pres- 
ence of soot, i.e., black-brown amorphous or granular material and possibly larger 
powder particles on or within the wound track (Fig. 53; refs. 16, 125, and 211). In addi- 
tion to a skin defect, dermal collagen is homogeneously altered (Fig. 53; refs. /6 and 
125). If an exit wound is studied by microscopy, the pathologist must be aware that 
small amounts of soot and larger powder particles may be seen deep in the wound track, 
particularly when the entry is close-range (/6,/25). Unlike entry wounds, which show 
progressive epidermal damage toward the defect, damage at exits is more sharply 
demarcated (/25). 


23. EXAMINATION OF FIREARM 


Firearms need to be examined by other experts for evidence of misfiring (2/2). 
There may be a need to reconcile an apparent discrepancy among the autopsy, scene 
findings, and circumstances of the death (58,/30). Fingerprints of the deceased may be 
seen on the cartridge or firearm (60,/0/,/05). In one study, fingerprints were found on 
the gun in 12% of cases (106). 

The presence of blood from the victim on or in the barrel of the weapon assists in 
the determination of range. The injection of propellant and gases at close range into the 
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Fig. 50. Intracranial bullet ricochet. Same case as Fig. 49. Formalin-fixed brain. (A) Wound 
track to left and forward relative to deceased (exit—arrow). Coronal slice of brain. (B) 
Bulging fracture (F) on cranium marking exit from left cerebral hemisphere. (C) Superficial 
path (“gutter”; white arrows) along surface of brain from exit (black arrow) to recovery site 
of bullet (arrowhead). 


body, followed by closure of the temporary cavity, leads to backspatter, i.e., retrograde 
expulsion of blood and tissue aerosol, bone, and bullet particles from the wound 
( 213,214). The finding of backspatter on the hand determines whether the vic- 
tim actually fired the firearm (see Heading 13. and ref. 2/3). DNA analysis, if neces- 
sary, can confirm the link. Backspatter occurs frequently with close-range shots, but its 
absence does not necessarily indicate an intermediate or distant wound (2/3). Spatter 
on a weapon can be detected even if the weapon is fired again (63). 

The following was found in one study conducted at the Office of the Medical 
Examiner in Dallas County, TX (63): 
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Fig. 51. Multishot suicide (see Fig. 24). (A) Subarachnoid hemorrhage of frontal lobe (arrow) 
owing to tangential self-inflicted wound of forehead. Cranium was not penetrated. (B) 
Coronal slice of section of formalin-fixed brain showing corresponding “coup” contusion. 


Incidence of blood 
(as detected by 


leuchomalachite green) Revolvers/pistols/rifles Shotguns 
Inside barrel About one-half“ About three quarters 
Outside barrel About three-quarters? About 85%? 


“Positive result consistent with barrel within 7.5 cm (3 in.) of surface. 
’Blood deposited up to several feet (about 1 m) away on the barrels of long guns. 


24. DETERMINATION OF GUNSHOT RESIDUES 


Gunshot residue (GSR) consists of burnt and unburnt powder particles, primer 
components (lead, barium, and antimony or other elements), and particles from the bul- 
let, firearm, and cartridge case ( 9,216). 

The detection of GSR can determine whether an individual fired a gun. GSR can 
escape from the muzzle end or breeches and blow onto the hand in contact or in close 
proximity to the firearm (/59, 18). Both hands should be tested (22). Long arms 
tend not to deposit as much residue on the hands as handguns (2/6). GSR can be on the 
palm or back of the firing hand or nonfiring hand used to steady the end of the muzzle 


( '5,216). Primer residue can be transferred to the palm if a recently fired handgun 
is picked up and moved or the wound area is clutched (63,2/5,2/6). GSR can determine 
whether a hole on the skin and clothing is an entry (/: ). GSR can indicate firing 


distance. Residue (barium, antimony) has been observed on targets 3 to 4 ft (about 1 m) 
away depending on the type and caliber of pistol and revolver (2/9). 
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Fig. 52. Gunshot wound of head. Subendocardial hemorrhage, left ventricular outflow 
tract (arrow). 


Detection of GSR is by inorganic analysis using flameless atomic absorption 
spectrometry or particle analysis (lead, barium, antimony) using scanning electron 
microscopy/energy-dispersive X-ray ( ). Material is collected by 
swabs, wipings, or tapelifts from the hands ( ). The best success is with 
dry clean hands protected by paper bags (Fig. 31). Analysis can be done on blood-spat- 
tered hands (22/). 

One study showed a GSR detection rate of 44% with revolvers and 24% for pis- 
tols (95). Another study showed that 38% of all suicides had a positive reaction on the 
shooting and nonshooting hands (22/). The frequencies were 50 and 29%, respectively, 
when .22-caliber revolvers and pistols were excluded. Other studies also have shown a 
low detection rate with .22-caliber pistols/revolvers (see Heading 9 and refs. 63 and 

). The overall detection rate rose to 50% if more than one shot was fired. With rifles 
and shotguns, residue is almost never detected on the firing hand, but can be found on 
the nonfiring hand that steadied the end of the muzzle (/6). Analysis by flameless 
atomic absorption spectrometry can detect trace metals deposited at close range, which 
is useful if there is a wound edge altered by drying or decomposition, a period of sur- 
vival, or interposed clothing (/59). 


25. TOXICOLOGY 


Not all jurisdictions do toxicological testing if the case is a suicide (37,/10). 
Ethanol is found frequently; it is detected in one-fourth to one-half of self-inflicted 
injuries in various studies ( )). Ethanol (©20 mg/dL) was found in 
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a 


Fig. 53. Microscopic slide from edge of contact entry wound. Carbon material on intact 
epidermis (large arrow) and denuded dermis (small arrow). Dermal collagen altered 
(arrowheads; H&E, original magnification x25). 


65% (13 of 20) of perpetrators of murder-suicide in a Texas series (24). Other drugs are 
detected in one-fourth of suicides (37). In special circumstances, other agents have been 
detected (e.g., detection of cyanide, a breakdown product of tear gas, in blood /73,93/). 
Despite a history of depression in many elderly perpetrators of murder-suicide, few 
have detectable levels of antidepressants (52). 


26. PATHOLOGIST’S APPROACH TO CLOSE-RANGE FIREARM INJURY 


1. Examine the body prior to removal of clothing and cleaning. Items of clothing on which 
apparent firearm entries or exits are seen need to be retained. If clothing has been 
removed prior to the examination, it must be seized by investigators. The pathologist can 
attempt to correlate holes seen in the clothing with wounds present on the body. The 
clothing must not be altered, particularly if it is to be submitted as evidence. If the cloth- 
ing is wet (e.g., blood-soaked), then this examination can be completed after drying. A 
description documenting the number of holes, dimensions, associated features, and loca- 
tion is included in the postmortem report. The number of holes does not necessarily 
equal the number of entries. Projectiles penetrating clothing do not always contact the 
skin surface because of folds in the clothes. As a result, more holes than skin entries can 
be observed (59). Also, the victim can move. The inner aspect of clothing exits can be 
covered by body tissue, missile fragments, and even powder, if the range is contact (/32). 

2. After the clothing has been removed, examine the body in the uncleaned state. Overall 
and close-up photographs of the body and wound/other injuries are taken. 
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3. Examine the hands prior to fingerprinting or washing (Fig. 32). If the hands have been 
bagged, the bags are removed and submitted as evidence to the police (Fig. 31). 
Observe and note the pattern of blood spatter or blackening from soot, if present, on the 
hands. The police can obtain tapings of the hands for GSR. Photograph the hands, par- 
ticularly if there are positive findings (Figs. 33-37). 

4. Examine any entry and exit sites that are present. The area around the entry wound is 
carefully cleaned (Fig. 14). The size of the cutaneous defects is measured. If there is 
any soot deposition or stippling on the skin surface, its dimensions are noted. These 
wounds are oriented to an anatomic landmark, and distances from the top of the head 
and midline of the body are measured. 

5. Radiographs of the relevant body site are done next. 

6. Wounds are excised (superior aspect of the wound can be oriented with a small cut from 
a scalpel) and submitted in formalin. If the wound is to be analyzed further, the pathol- 
ogist can elect to take some underlying soft tissue to determine the microscopic pres- 
ence of material consistent with soot (Fig. 53). Care must be taken not to alter the 
wound. If the wound is not to be submitted, then additional sections can be taken 
around the skin periphery. The remainder of the wound is retained as stock tissue in 
case investigative and legal issues arise later. 

7. Internal examination documents the wound track, i.e., its path, direction, and relation to 
the deceased. Associated blood loss in body cavities is quantitated. In a case of a head 
wound, attempts should be made to slice the brain in such a way that the transcerebral 
course of the bullet is exposed by lining the knife up with the apparent brain entry and 
exit wounds. 

8. Recovery of the bullet or, in the case of a shotgun, representative pellets and wadding 
must be done (Fig. 9). If the bullet has fragmented, the largest fragment is collected. If 
there is a jacket, it must be obtained (Fig. 40). Care must be taken not to handle any 
lead projectiles with metal forceps. Manipulation by fingers and plastic forceps does 
not damage rifling marks. If there is a projectile present on skull radiograph, a pan 
placed under the head will catch the projectile if it inadvertently falls out when the brain 
is removed. 
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Chapter 7 


Penetrating Trauma 
Sharp-Force Injuries 


Summary 


Various sharp-force injuries—cutting and stabbing, nonhuman bites, venipunctures for medical 
or illicit purposes—are encountered in a forensic pathology practice. Most cutting and stabbing 
deaths are homicides, but all manners of death are possible. Multiple wounds, which can be muti- 
lating, are seen in suicide victims. Postmortem examination of clothing and documentation of wound 
sites, including their grouping and orientation, as well as other injuries (“hesitation” vs “defense” 
wounds), assists in the determination of a self-inflicted act. Stab wound dimensions are affected by 
a number of factors. 


Key Words: Stab wounds; bites; stings. 


1, DEFINITIONS 


Incisions (cuts) and stabs are sharp-force injuries. The depth of the wound track, 
relative to the length of the cutaneous wound, distinguishes a stab from an incision. The 
depth of the stab wound is greater than the length of the skin injury. The depth of an 
incised wound is typically less than the length of the external wound. Stab wounds are 
caused by a thrusting motion, which can be either overhand or underhand. Slashing pro- 
duces an incised wound. An instrument (e.g., knife) that has an edge and a point can 
both incise and stab. A pointed instrument lacking an edge (e.g., pin) can stab but not 
readily incise. A sharp-edged surface lacking a point incises but does not stab (Fig. 1). 
Depending on the sharpness of the edge of the instrument, associated blunt trauma 
injuries can occur (e.g., chopping with an axe). Impalement is another type of penetrat- 
ing injury owing to a variably sharp or narrow object that becomes rigidly fixed within 
the body. 
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Fig. 1. Incision, posterior scalp. Airplane propeller blade. Associated open skull fracture. 


2. CIRCUMSTANCES: SHARP-FORCE INJURIES 


2.1. Homicides and Suicides 


Stabbing homicide is more common than firearm homicide in Europe, in contrast 
to the United States (/—-6). A thorough and detailed investigation is necessary for proper 
certification of the manner of death (7). A study at the Dallas County Medical 
Examiner’s Office showed that, of 630 deaths from sharp-force injury (i.e., stab, inci- 
sion, chop), 90% were homicides, 7.5% suicides, and 3.5% accidents; 2 were undeter- 
mined (7). The same study showed that 0.29% of all accidents were from sharp-force 
trauma. A review of 120 sharp-injury fatalities in New York revealed that 84% were 
homicides, 14% were suicides, and 2% were accidents (S). A German review of 376 
sharp-force deaths revealed 80% were homicides, 17% were suicides, and 3% were 
accidents (9). Although all manners of death are possible with single and multiple sharp- 
force injuries, given the frequency of homicides, all cases are considered murder until 
proven otherwise ( ; refs. , and /0). 

A suicide may not be immediately obvious. For example, suspicions are aroused 
when there is only a single stab wound, stab wounds are in atypical locations (e.g., 
back), clothing has been cut, the weapon lies some distance from the body, other sharp- 
force injuries are seen away from the fatal wound, and other trauma (e.g., complex sui- 


cide) is present ( ). A homicide can be staged as a suicide (8). 
Various studies have shown a male predominance in all manners of death from 
sharp-force injuries ( ). Suicide victims average about 15 yr older (mean 


about 50 yr of age) compared with homicides (6). The majority of suicides occur in the 
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Table 1 
Sharp-Force Injury and Manner of Death 
Homicide Suicide Accident 
% by manner 80-90% <20% <5% 
(7-9,11) 24% of suicides 
(12,13) 
Weapon/sharp + (62%) “Household + (see Subheading 2.1.) + 
object at scene Access” (4) 
More than one + + (18%) (2,/4) + 
weapon 
Clothing + (79%) (6) Exceptions Uncommon (5%) (6) + 
involved possible (see Common in some 


Subheading 4.1.) 


Sharp-force injury 


¢ Type Stabs > incisions 


Thorax most common 
in single and multiple 
stab wounds (/,4—6). 

Facial and throat 
wounds only 
(multiple wounds) (4) 

Wrist, antecubital 
fossa uncommon (6) 


¢ Location 


+/— Head, back wounds 
common (6) 


¢ Injured area of 
body“ Vulnerable” 
to lethal injury 
but inaccessible 
to victim 
e Single stab 34-45% (1,3-6) 
20% women; 
55% men (3) 


series 28% (2); 52% 
of torso injury cases (9) 


Incisions or 
stabs 


Incisions > stabs: 
2:1 (6); 
40% incisions, 37% 
stabs, 23% both (9) 
Incisions —upper 
extremities (including 
antecubital fossa, 
wrist) (6,9,/2,13) 
Both arms (/2) 
Lower extremities 
(femoral area, dorsum 
of foot) uncommon (/3) 
See Heading 5. (13) 
Stabs—chest > abdomen > 
neck > face (2,6—8,/5—I7) 
Neck “injuries” most 
frequent in one study (18) 
Neck stab uncommon 
(10,13,19-21) 
Genital area uncommon 
(6,18) 
Vessel bypass shunt (22) 
_ +/— 
Stabs/incisions of head, 
back, uncommon (6,/8) 


Any site,wrist/ 
antecubital 
fossa > 
neck, torso 
(6,12) 


Multiple wounds possible (/0) + 
19% (6) 


(Continued) 
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Table 1 (Continued) 


Homicide Suicide Accident 


18% women; 37% (9) 
45% men (/) 
Majority of women had 64% (2) 
wounds in 3 or 4 
body regions (J) 
Defense wounds + (7,8,23) Rare (see - 
Overall — 38.5% (24), Subheading 4.4.) 
41% (6), 45% (5) 
Typically upper extremity 
If single stab —2.6% (7), 
15% (3), 22% (6) 
Multiple stabs—54% (3); 
3-9 stabs— 54.7% (7) 
Male = 27%; female = 
55% (3); no sex 
difference in another 
study (5) Of ethanol— 
positive victims, 


44% (7) 
Hesitation wounds Rare (see 55% (16) - 
Subheading 4.4.) 
62% (6) 
64% (2) 
77% (9) 
If single wound, 20% (6) 
Other sharp Genital injuries Self-mutilation possible = 
injuries uncommon (6) (16) (see ref. 16 
Heading 5.) 
Other types + “Complex” suicide + 
of trauma 17% (3) (2,4,6,16) 
28% (6) 
Women = 39%; men = 
34% (1) 


victim’s home, with the bathroom and bedroom being the most common rooms 
(2,6,8,13,18,26). Other locales have included hospitals, hotel rooms, detention facilities, 
and the workplace. Victims found in bathtubs may have believed that warm water dilates 
blood vessels and prevents coagulation (see Chapter 5, Subheading 13.2. and ref. 8). In 
jail, suicide victims are typically first-time offenders arrested on minor charges, intoxi- 
cated, strip-searched, and isolated (26). A history of prior suicide attempts is rare, and 
the self-infliction occurs within 24 h of incarceration. Improvised weapons (e.g., a bro- 
ken piece of glass) are used. 

In a Swedish study, more than 50% of homicidal sharp-force fatalities took place in 
either the victim’s or the assailant’s home (4). Another Scandinavian study revealed that 
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78% of women were killed in their own home, compared with 49% of males (/). Twenty- 
one percent of males were killed outdoors, as opposed to only 6% of the females (/). The 
high frequency of familiar locales in homicide may reflect the fact that about 80% of vic- 
tims and assailants were acquainted with each other (4). Another review showed that the 
victim and assailant knew each other in 86% of cases (/). Single wounds were often a 
result of a quarrel or fight between drinking companions, but in cases of multiple wounds, 
an emotional relationship existed between the victim and perpetrator in 60% of cases (4). 
Kitchen knives and razor blades are common in suicides (2,6,9,/3,18,27). In a Japanese 
series of 923 cases of suicidal self-stabbing, 57.2% used knives and 17.7% razors (18). 
Scissors and swords are uncommonly used (/3,/8). Rarely used items, such as broken 
glass, suggest a hasty decision to commit suicide (/3,/8). There is a case report of a physi- 
cian who made a long incision, under local anesthesia, exposing his femoral artery (/3). 

A history of psychiatric illness, alcohol and drug abuse, and previous suicide 
attempts may be elicited (6,22). Studies have shown that almost half of sharp-force sui- 
cide victims had a history of alcoholism and/or mental illness (9,/3). Suicide notes are 
found in a minority of cases (6). The Stockholm study showed that 19% of men and 
31% of women (28% overall) left a suicide note (/3). In contrast, a New York study 
revealed that about half of victims left a note (&). Verbalization of intent is more com- 
mon (6). Voiced suicidal intention was expressed in 53%, and past attempts were known 
in 27% of the 105 sharp-force suicides studied in Stockholm (6). 

Suicide by sharp-force in the presence of another person is rare and indicates either a 
psychiatric disorder or a spur-of-the-moment decision during a highly emotional situation 
(28). In an English study of 28 self-stabbings, a close relative or friend was present nearby 
in half of the cases, but the stabbings were actually witnessed in only two incidents (2). 


2.2. Accidents 


Sharp-force injuries arising from accidents are relatively uncommon and comprise 
a spectrum of incised, stab, and chop wounds (7). Accidental stab and incised wounds 
tend to be single (Fig. 2; ref. 7). Incised wounds typically involve major arteries or veins 
in the extremities and neck, but puncture wounds and multiple cutaneous injuries also 
lead to fatal exsanguination (//,29,30). Alcohol is a factor in adult accidents (11,29). 

Injuries from broken glass are usually accidental (Fig. 2; refs. 7, 29, and 3/). 
Suicides and homicides by this means are rare (32). Various types of glass are described: 
annealed (plate) glass, which shatters into slim sharp fragments capable of penetration; 
tempered glass, which typically breaks into irregular rectangular fragments; laminated 
glass, which has a sheet of plastic interposed between glass layers and cracks but 
remains intact; and wired glass, which is held together by wire mesh (30). Serious 
injuries are caused by glass doors and windows (33). They usually occur in children and 
young individuals (7,30). A prospective study of 1086 consecutive injuries due to glass 
showed that the age range was 5 to 31 yr (peak at 15 yr of age), and about two-thirds of 
cases involved males (33). The most frequent locations were the home (39%), public 
places (31.3%), and the workplace (21.1%). Examples of household accidents include 
falling against or walking through a door panel or window, upsetting glass furniture, and 
breaking a window to gain entry into the house (Fig. 2; refs. 8, //, 31, 34, and 35). 

Wounds are either clean-edged or irregular and abraded, depending on the nature 
of the broken glass and the movements of the victim (//,31,35). Multiple superficial 
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Fig. 2. Accidental sharp force injury. Ethanol intoxication. (A) Large incised wound of leg. 
Inset: shard of glass from broken table. (B) Exploration of wound track. Probe in transected 
vein. (C) Adjacent transected peroneal artery (lifted by probe). 


abrasions and cuts are seen when the victim falls (//). A tip of broken glass deep in the 
wound can arrest hemorrhage (3/). Accidental stabbing by a knife has been described 
( )). Other sharp objects (e.g., sewing needle) can accidentally penetrate the torso 
( ). Individuals can be killed by flying sharp objects (39). 


2.3. Impalement 


All manners of death are associated with impalement, although homicide is rare 
( ). Falls cause impalement in adults and children ( ). In children, impalement 
can occur during play. Falls in adults can be precipitated by alcohol and medication 
(46). Underlying disease (e.g., epilepsy) can be a factor (46). Falls occur in the work- 
place (e.g., fall onto a steel bar). Motor vehicle occupants have been impaled by fixed, 


rigid structures (e.g., fence, post, tree branch) following collisions (F ; refs. ). 
Self-inflicted impalement happens in psychiatric patients, demented individuals, and 
the mentally challenged (see Subheading 6.2. and refs. ). 


2.4. Anorectal Injuries 


Penetrating anorectal injuries occur under various circumstances. Clinical recog- 
nition may be delayed because of the trauma is not obvious, and symptoms evolve 
slowly ( 1,42). Autoerotic activities may involve insertion of foreign objects into the 
vagina and rectum (see Chapter 3, Subheading 2.7. and ref. 50). Children can sustain 
“straddle-type” injuries ( 8). The entry site can be vaginal, perineal, or transanal 
( ). Clothing does not prevent impalement (42). This injury arouses suspicion of 
molestation ( ). Intraperitoneal extension can injure the urinary bladder, bowel, 
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Fig. 3. Motor vehicle collision. (A) Impalement by car mirror. (B) Radiograph of skull. 
(C) Penetration of calvarium. 


abdominal solid organs, and major vessels (41,42,57,58). Extension to the thorax is pos- 
sible (42). Iatrogenic injuries (e.g., insertion of thermometer) have been described, par- 
ticularly in children (Fig. 4; ref. 42). 


2.5. Motorized Tools 


Chain saws are designed for right-hand use, and injuries occur more frequently on 
the left side of the body (59). When the saw blade comes into contact with a hard object 
(“kickback”), the saw is directed into the upper body or downward toward the knee or 
foot (59-61). The edges of the skin wounds are either smooth or jagged (60-62). 
Secondary abrasions on the neck and extremities from other parts of the chain saw help 
reconstruct the deceased’s position (62). Characteristic parallel skin wounds with asso- 
ciated bruising and pointed skin flaps have been described (60,6/). Facial wounds are 
characterized by severe lacerations and tearing of bone (59). Injuries of the neck vessels 
and upper respiratory tract can be sustained (59,6/). A fatal pneumothorax caused by 
rupture of emphysematous bullae caused by a chest injury has been described (63). 
Hand injuries are common. Isolated accidental finger amputations are typically distal 
(64). Amputation of a proximal digit does not happen accidentally without accompany- 
ing injuries of the fingers and hand (64). The majority of the victims who have self- 
inflicted chain saw injuries have occupational experience and a psychiatric history (62). 
Chain saws have also been involved in suspicious deaths and homicides (60). 

Other tools (e.g., band saw, circular saw, power drill) have caused injuries, either 
self-inflicted or accidental (Fig. 5; refs. 9 and 65-69). Certain devices (e.g., propeller) 
can cause multiple chopping injuries (Fig. 1; refs. 7, 70, and 7/). 
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Fig. 4. Child. Peritonitis secondary to perforations (arrows) of distal large bowel. History 
of insertion of thermometer. (Courtesy of the Office of the Chief Medical Examiner, Chapel 
Hill, NC.) 


3. CORRELATION OF STAB AND INCISED WOUNDS 
WITH SHARP INSTRUMENT 


In some instances, a knife may be still in the individual (Fig. 6). In rare instances, 
the knife tip is broken from contact with bone and is revealed on a radiograph. Analysis 
showing the blood of the deceased on a suspected knife ties that weapon with the 
observed injuries (Fig. 7). If no knife is present, then postmortem measurements of the 
stab wound can, in a limited way, be linked with specific dimensions of the sharp instru- 
ment inflicting the injury. The stab wound depth, length, and width approximate the 
length, width, and thickness, respectively, of the weapon. These measurements assist 
investigators who, faced with a wide array of knives in a household, are able to focus 
their efforts in finding a weapon. Realizing that many knives can produce the wounds 
observed, the pathologist can usually only comment that the appearance and configura- 
tion of the wounds are consistent with a particular weapon. In contrast, sharp-edged 
instruments cannot be distinguished by incised wounds of varying lengths and depths. 
The measurement of an incision, including its depth, does provide information regard- 
ing severity of the injury. 

An impaled object is embedded in the body (46). The end of the foreign body may 
have been cut at the scene by emergency personnel but left in place to ensure tampon- 
ade of internal injuries (47). Radiographs document the presence and position of the 
object. Its removal may require forceful manipulation and sawing (46). 

The correlation of knife-blade and stab-wound dimensions can be altered by a 
number of factors: 
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Fig. 5. Suicide by table saw. (A) Victim found face down, flat on table with circular saw 
running. (B) Vertex of skull. Several saw cuts in different directions, some penetrating 
brain. (C) Incised wound of neck. Severed carotid arteries (tied). (Courtesy of Dr. D. King, 
Regional Forensic Pathology Unit, Hamilton, Ontario, Canada.) 


Fig. 6. Self-inflicted abdominal stab wound. Knife in situ. 
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Fig. 7. Victim’s blood (arrow) on knife blade. 


Skin elasticity: The width of the stab wound is the least important measurement 
because most knife blades are in the order of 1- to 2-mm thick (about 0.0625 in.). If a 
wound is oriented parallel to tension lines created by skin elasticity (Langer’s lines), 
then the wound is relatively narrow. A wound oriented perpendicular to lines of elastic- 
ity gapes. The length of a gaping skin wound is shortened (Fig. 8). Such a wound 
requires approximation of its edges to determine a more accurate length (72). One study 
observed that the lengths of skin wounds on the chest, abdomen, and flanks did not 
reach the full width of the blades, even after approximating the gaping edges (72). 


Angle of knife relative to skin surface: Many knife blades are single-edged, i.e., one 
sharp cutting edge and an opposite dull noncutting edge. Typically, when a knife is 
inserted perpendicular to the skin surface, one point of the resulting skin wound is 
sharp and the other blunt, conforming to the configuration of the blade edge (Fig. 9). 
If the blade is inserted at an angle, then the wound lengthens and both ends become 
sharp one corresponding to the entry initially of the tip of the knife and the other 
resulting from the following sharp blade edge (Fig. 9). The least “rocked” wound 
length corresponds to the blade width (Fig. 10). Movement of the knife and victim 
causes twisting of the knife blade, relative to its entry or exit, resulting in lengthen- 
ing of the wound and possible notching of one end of the skin wound (Fig. 11). 
Considerable twisting of the knife leads to large, irregular injuries (Fig. 12). Multiple 
wound tracks are possible with a single cutaneous wound, if there has been re-entry 
or twisting of the knife (Fig. 13; refs. 2 and 73). Hemorrhage along single and mul- 
tiple tracks indicates infliction before death (Fig. 14; ref. /0). Multiple tracks indicate 
intent (/9). 

Anatomical variation (antemortem and postmortem): The wound depth provides 
important information about the blade length. In general, the deepest stab is a guide to 
the minimum blade length. The depth of a wound track can be altered after death. The 
postmortem measurement of the depth of a stab wound involving the anterior surface of 
the heart is only an approximate estimate of the blade length of the stabbing weapon 
(74). The removal of the sternum during autopsy results in detachment of the anterior 
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Fig. 8. Measurement of stab wound length. (A) Gaping stab wound. Length of wound 
shortened. (B) Stab wound edges apposed manually. 


Fig. 9. Multiple stab wounds on chest. Perpendicular insertion of knife—sharp and blunt 
ends (arrow). Angled insertion—both ends sharp (arrowheads). (Courtesy of the Office of 
the Chief Medical Examiner, Chapel Hill, NC.) 
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Fig. 10. 
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“Rocked” knife wound. (A) Gaping single stab wound of chest (below thoraco- 
tomy incision). Length of wound caused by relative movement of victim and knife. 
(B) Knife used to inflict injury. Note narrow blade width. (Courtesy of the Office of the 
Chief Medical Examiner, Chapel Hill, NC.) 


part of the pericardium, which causes the heart to collapse back into the thoracic cav- 
ity. This increases the distance between the anterior chest surface and heart (7 mm or 
about 0.25 in. in one study /74/). If the track involves the heart, consequent hemoperi- 
cardium also increases the distance between the chest surface and the heart wound (1 
to 4 cm or about 0.5 to 1.5 in. /74/). If there is cardiac tamponade, the heart stops in 
systole, resulting in an apparent deeper wound at autopsy than at the time of infliction, 
when the heart may have been in diastole (74). 

Degree of applied force: The width of a knife blade progressively decreases as it tapers 
toward its point. If a knife is inserted superficially only to the depth of its tapered 
segment, then the cutaneous wound length is less than the maximum blade width. 
Forcefully thrusting the knife into the chest or abdomen can result in a wound depth that 
exceeds the knife blade length. Because the knife is inserted its full length, secondary 
blunt trauma injuries can be seen around the cutaneous wound, corresponding to the so- 
called hilt of the knife (i.e., handle, hand guard, or device for fixing the open blade; see 
Fig. 15 and ref. 75). In a study of 74 deaths resulting from stabbing, only 5 cases hav- 
ing a hilt mark were observed (76). Thrust impact injury describes firm surfaces, other 
than the hilt of the knife (e.g., the edge of the hand holding the knife) causing marks on 
the skin (3). Individuals sustaining self-inflicted wounds can brace a knife by various 
means (e.g., leaning forward while grasping a knife, hammering a knife to the hilt; see 
Fig. 16 and ref. 9). 

o The assessment of the degree of force required to penetrate the body is difficult to 
ascertain because of variables such as the sharpness of the weapon, the velocity at 
the moment the body is struck, the amount and nature of clothing worn, and the type 
of tissue penetrated (77-79). The sharpness of the tip of the weapon is considered 
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Fig. 11. Multiple stab wounds. Inferior wound “notched” (arrow) owing to twisting of knife 
blade. (Courtesy of the Office of the Chief Medical Examiner, Chapel Hill, NC.) 


Fig. 12. Multiple stab wounds of different sizes. Large wound resulting from consider- 
able twisting of knife blade. (Courtesy of the Office of the Chief Medical Examiner, 


Chapel Hill, NC.) 
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Fig. 13. Homicide. (A) Single stab wound on back. (B) Wound track continued into apex 
of right lower lobe of lung (arrow). (C) Multiple tracks at base of right lower lobe (arrows) 
indicating multiple insertions through same stab wound. 


Fig. 14. Infanticide. Multiple stab wounds. (A) Stab wound, right neck. (B) Posterior neck 
dissection. Wound track extended into cervical spinal cord (autopsy arrowhead). 
Hemorrhage along track indicates victim was alive when wound inflicted. 
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Fig. 15. “Hilt” mark caused by forceful thrusting of knife. Depth of wound exceeded 
length of blade. (A) Single stab wound of chest. Note two linear bruises (arrows) on either 
side of wound. (B) Bruises were caused by edges of wooden handle of knife that was 
forcefully thrust into victim. 


° 
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the most important factor in allowing penetration. The pressure exerted by a single 
finger can be enough (77-79). A blunt tip requires more pressure and increases the 
possibility of associated blunt trauma injuries. Except for bone and calcified 
cartilage, skin has the greatest resistance to penetration. Once the skin is penetrated, 
little force is needed to penetrate further (77,78,80). Regional differences in pene- 
trability exist (77). For example, the intercostal spaces are penetrated more easily 
than the upper abdomen because the tissues are more tightly stretched. Others have 
observed, using cadavers and amputation specimens, that there is significant resist- 
ance when muscle is penetrated (79,8/). 

For a knife held either against the skin surface (stationary) or up to 15 cm (6 in.) 
away, 0.5 to 3 kg (1.1-6.6 lb) of pressure (0.5—3 N of force) is required to penetrate 
chest and abdominal skin (/5,77,78). Knight observed the abdominal wall of an 
average-sized cadaver, when leaned forward 10 cm (4 in.) onto a firmly held knife, 
was easily penetrated supporting the scenario of “running onto” a knife (77). 
Green found that the skin of cadavers was also easily stabbed when a knife was 
held 15 cm (6 in.) away and suddenly pushed from behind (the “accidental stum- 
ble” /78]). A case report described a 42-yr-old man who committed suicide with 
a dagger (2.72 kg or 6 Ib), which fell freely from a height of 10 cm (4 in.), pene- 
trated the chest, and pierced the lung to a depth of about 12 cm (4.75 in. //5/). 
More force is generated when a knife is moving. Greater mean terminal velocity 
and energy are generated in overarm stabs compared with underarm stabs (82,83). 
Stabs inflicted perpendicular to the skin surface generate more force than angled 
thrusts (80). 

Instruments with pointed tips can penetrate fabric, when held by one hand, but pres- 
sure from both hands is required when using a less sharp object (e.g., screwdriver 
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Fig. 16. Stabbing suicide. (A) Victim braced knife against wall. Note faint gray marks 
(arrows), adjacent to blood spatter, from metal transfer from handle of knife. (B) Knife in 
body. Note gray metal at the end of the handle of knife. 


[84]). A blunt weapon can injure skin without penetrating fabric, which can embed 

in the wound. Cuts with frayed edges imply a blunt or serrated weapon, but blood 

can bind fibers, causing edges to appear “neat.” Green observed that pressure of 2 

to 3 kg (4.4 to 6.6 Ib), using a sharp weapon, could penetrate clothing (78). 

More effort may be required to remove a knife from a body (up to 15 kg or 33 Ib of 

pressure in clothed cadavers /78/). This has implications regarding intent, if more 

than one wound is present (78). On the other hand, large forces were not required to 

remove a sharp blade from pig skin (79). 

¢ Medical care: Prolonged hospitalization means wounds heal (Fig. 17). Medical inter- 
ventions (e.g., thoracotomy) alter and create wounds (e.g., chest tube insertion; see 
Figs. 17 and 18). The pathologist must obtain accurate information from the medical 
record and clinical team to confidently assess the injuries observed. 


° 


4, OTHER FEATURES ON EXTERNAL EXAMINATION 
OF SHARP-FORCE INJURIES (TABLE 1) 


4.1. Clothing 


In homicides, clothing is usually involved but is pushed aside in some victims (e.g., 
children /6,23/). In suicides, the victim tends to bare the skin by moving clothing aside; 
however, clothes can be involved (Fig. 19; refs. 2, 6, 7, 10, 13, 23, 85, and 86). Clothing 
tears may provide the only clue of tentative attempts at self-infliction, particularly when 
there are few skin injuries. This highlights the need for the pathologist to examine the 
clothing of the deceased, not only to match holes in the fabric with cutaneous wounds 
but also to appreciate that additional clothing tears can be present without corresponding 
skin injuries. Pieces of clothing can be forced into a wound track by impalement (46). 
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Fig. 17. Delayed death from sepsis following multiple stab wounds. (A) Multiple healing 
chest tube insertion sites. (B) Healing stab wound on back inflicted during altercation. 
(Courtesy of the Office of the Chief Medical Examiner, Chapel Hill, NC.) 


Fig. 18. “Stab” wound, above thoracotomy incision, from chest tube insertion. 
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Fig. 19. Suicide by stabbing. (A) Superficial incision, neck. (B) Fatal stab wound of chest 
inflicted through shirt (indicated by probe). (C) Knife penetrated sternum. (Courtesy of Dr. 
E. Tweedie, London Health Sciences Centre, London, Ontario, Canada.) 


4.2. Number, Orientation, and Grouping 


Single fatal stab wounds tend to involve the chest in homicides and suicides (6). 
Suicides with multiple wounds typically show extremity injuries (6). Multiple mutilating 
injuries suggest homicide (/7). Ninety-eight wounds were seen in one homicide victim 
(3). One study revealed that suicide victims averaged 14.4 sharp injuries, compared with 
homicide victims who had a mean of 8.8 (average number of stab injuries/person, sui- 
cides = 6.8; homicides = 5.6; average number of cut injuries/person, suicides = 15.0, 
homicides = 3.5) (&). A significant number of suicide cases have more than one wound, 
but a single injury does not exclude a suicide (8,/2,/3,22). Single self-inflicted stab 
wounds of the extremities (e.g., involving the femoral artery) have been observed (8). 
Single incisions (e.g., radial or ulnar artery at wrist level) have been noted in suicides 
(Figs. 20 and 21; ref. /3). Single suicidal stab wound cases involving the abdomen are 
described (see Subheading 4.3.1; Fig. 6; ref. 8). 

Vertical chest stab wounds tend to be seen in homicides (6,87). In a Stockholm 
study, homicidal stab wounds tended to be vertical and directed up and to the right of 
the deceased, whereas self-inflicted wounds were more likely horizontal and directed up 
and to the left of the victim (Fig. 22; ref. /3). The difference between the number of hori- 
zontal wounds in the chest in homicides and suicides was not significant in one series, 
but another study found that the majority of self-inflicted stab wounds to the left chest 
were aligned horizontally (6,9). The usual suicidal neck stab is downward (/0). Suicidal 
stab wounds to the upper abdomen can be considered stabs to the heart, as the tracks are 
usually directed upward (9). 
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Fig. 20. Exsanguination caused by self-inflicted wrist incision involving radial artery 
(indicated by inserted probes). 


The determination of the direction of infliction of an incised wound is problematic 
(8S). Incised wounds tend to be deeper at their origin becoming more superficial at their 
terminal ends, but this is not invariable (see Subheading 4.4.; Fig. 23; and ref. 88). By 
scanning electron microscopy, a lateral accessory tail has been described at the origin 
of an incision, particularly noticeable when the wound direction is perpendicular to 
Langer’s lines (88). 

Self-inflicted wounds tend to be grouped in one area of the body (Fig. 22; ref. /0). 


4.3. Wound Site 


Wound sites, according to manner of death, are described in Table 1. 


4.3.1, Hara-Kiri 


Hara-kiri (hara = belly, kiri = to cut), a traditional form of suicide in Japan, is 
an uncommon type of self-inflicted abdominal wound (27,85). Classically, the vic- 
tim thrusts the blade of a sword into the lower left quadrant of the abdomen, then 
cuts horizontally to the right, followed by an upward cut (27,55,59). The result is a 
painful L-shaped wound in the abdominal wall but no injury to the underlying vis- 
cera (85,89). Death is delayed and subsequent self-inflicted cuts of the neck, chest, 
and upper extremities hasten the demise of the victim (/8,27,85,59). Traditionally, 
assistants were present to behead the individual following the abdominal incision 
(18,27). Individuals engaged in this ritual may have a psychiatric disorder or be 
intoxicated (85). 
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Fig. 21. Self-inflicted incised wound of antecubital fossa. Note superficial incision (“hesi- 
tation” wound; arrow) running parallel to deep wound. 


Fig. 22. Precordial grouping of multiple self-inflicted stab wounds. All have a horizontal 
orientation. 
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Fig. 23. Self-inflicted stab and incised wounds of the neck. Deep incision shows a “super- 
ficial tail” (arrowhead) and an adjacent superficial cut (“hesitation” injury; arrow). 


4.4, Hesitation and Defense Injuries 


Tentative or “hesitation” injuries are self-inflicted sharp-force injuries. They are 
characterized by superficial incised or stab wounds usually, but not always, near the 
deeper fatal injury (Figs. 19, 21, 23-26 and refs 6, 8, 13, 16, 17, 23, 85, and 86). 
Superficial cuts run parallel to each other and extend as deep as the subcutaneum 
(16,90). Small punctures can be clustered together near a stab wound and be associated 
with bruising (/6). A stab wound can be associated with a linear abraded tail or deeper 
incision (Fig. 24) (16). A greater number of hesitation marks is seen when more than 
one site is involved (/6). Superficial cuts can be seen on the fingers of a suicide victim 
and mimic defense wounds (5,6,9,/6,27). They are the result of mishandling of a knife 
or other sharp instrument (e.g., razor //0,16/). Tentative wounds have been seen on the 
skin of murdered children and rarely adults, incapacitated by disease, intoxication, or 
other trauma (6, /7,23,90). Hemorrhage, associated with tentative wounds, indicates that 
the injuries were inflicted while the victim was alive. Superficial or deep hesitation 
wounds are observed in self-inflicted wounds with power tools (e.g., band or circular 
saw; see Fig. 5 and refs. 65 and 69). 

Defense wounds are sharp-force injuries typically of the extremities, usually 
involving the hands and arms, and they are consistent with the victim moving a part of 
the body between a sharp object and a potentially lethal body target, e.g., torso (Fig. 27; 
refs. 3 and 8). A knife can be grabbed by the victim (Fig. 28). A greater frequency of 
defense injuries is seen in women, because they may be more likely to be in protracted 
domestic disputes and ready to defend themselves (3). 
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Fig. 24. Self-inflicted abdominal wound. Deep wound has a “superficial” abraded tail 
(arrow). Note superficial incisions indicative of “hesitation” injuries (arrowheads). 
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Fig. 25. Superficial self-inflicted stabs of neck (“hesitation” wounds). 
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Fig. 26. Superficial “hesitation” incisions of neck. (Courtesy of Dr. E. Tweedie, London 
Health Sciences Centre, London, Ontario, Canada.) 


4.5. Homicide or Suicide? 


Karlsson, using a model based on multivariant analysis, showed that positive pre- 
dictors of homicidal stabbings were in descending order: injuries to clothing, blood 
alcohol level, presence of defense injuries, injuries owing to other types of violence, 
vertical chest stab wounds, sharp-force injuries to the upper extremity (except wrist and 
antecubital fossa), and sharp-force injuries to the head and back (9/). Ranked in increas- 
ing positive correlation with deaths caused by suicidal stabbing were sharp-force 
injuries to the antecubital fossa (crook of the arm), death scene in the victim’s home, 
presence of a suicide note, victim’s age, sharp-force injuries to the wrist, known suici- 
dal ideation, and the presence of tentative injuries (9/). 


5. SELF- WOUNDING AND SELF-MUTILATION 


Professional and self-administered body modifications (e.g., body piercings for 
insertion of jewelry in the tongue, nipples, and genital area) are coincidental observa- 
tions at autopsy (56,92). Their presence is influenced by social, cultural, or religious 
customs ( ). 

Self-inflicted cutting can be part of either psychotic or nonpsychotic destructive 
behavior and is enhanced by alcohol or drug abuse (Fig. 29; refs. 56, 93, and 'O1). 
Self-cutting also occurs as a religious ritual or as a means for personal gain (e.g., malin- 
gering, insurance fraud /56,64,93,95,96/). Self-wounding of the skin of the extremities 
(e.g., Wrist slashing) is common ( ). Self-wounding injuries are usually rela- 
tively minor. Superficial skin wounds in less pain-sensitive areas are observed, and 
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Fig. 27. Homicide. Multiple stab wounds. Wounds on arm indicative of victim’s attempt 
at protection (“defense” injury). (Courtesy of the Office of the Chief Medical Examiner, 
Chapel Hill, NC.) 


Fig. 28. Defense wound. Victim reached for knife, sustaining cut across fingers. (Courtesy 
of the Office of the Chief Medical Examiner, Chapel Hill, NC.) 
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Fig. 29. Death during hospitalization from acetaminophen toxicity. Radial line insertion. 
Multiple linear and irregular scars on forearm from previous self-wounding. 


evidence of repetition is indicative of reactive or habitual activity (95,96,98). Some indi- 
viduals inject drugs (e.g., lidocaine) to achieve analgesia (/02). These injuries are not 
necessarily suicidal, although they are seen in fatal suicides by various means (Fig. 30; 
refs. 10, 56, 95, and 97). Healed wrist incisions indicate past suicide attempts and alert 
the investigator that a death may be a suicide (Fig. 31; refs. 7 and /2). 

More mutilating injuries, usually associated with psychosis, result in a major 
anatomical change affecting vital structures, require surgical intervention, and can cause 
death (Fig. 32; refs. 56 and 99). Some individuals have nonpsychotic disorders (94). 
People who are either intoxicated or demented can also self-mutilate (95,99). Self-muti- 
lation can be part of Munchausen syndrome (56,95,96). Psychotic individuals can sus- 
tain unusual injuries: ocular trauma due to self-enucleation, sharp-force trauma or 
fingernail gouging, autoamputation, perforation of viscera by instrumentation, penetra- 
tion of the skull, and castration (see Subheading 6.2. and refs. 53, 54, 56, 94, 99, 103, 
and /04). Autoamputation of an arm using either a kitchen knife or electric saw has been 
described (69,/03). 

Genital self-mutilators fall into three groups: psychotics (schizophrenics), transves- 
tites, and patients with complex religious or cultural beliefs (93). These cases typically 
involve men (93). Women may mutilate their genitals to achieve abortion (93). A case 
of self-inflicted trauma by the insertion of needles through the abdominal wall to trig- 
ger abortion has been described (/05). 


6. INTERNAL EXAMINATION 


6.1. Skeletal and Cartilaginous Injuries 


Bone and cartilaginous injuries are seen in homicides and suicides (6,106). Costal and 
sternal injuries were seen less frequently in homicides involving children (23). Chest wall 
injuries are more likely when multiple skin wounds are evident (/06). The anatomic site of 
bone/cartilaginous wounds usually corresponds to the site of injuries responsible for death 
(106). In one study, laryngeal cartilage trauma occurred in cases of homicide and suicide, 
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Fig. 31. Healed wrist incisions. Found dead in bathtub (pronounced wrinkling of hand 
resulting from water immersion). Diphenhydramine overdose. 
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Fig. 32. Schizophrenic. Self-inflicted head wounds from insertion of fork. Eye gouged and 
vertex of cranium penetrated causing subdural hemorrhage. The latter act bent the fork. 


but injuries of the ribs, vertebrae, and skull were limited to homicides (see Subheading 6.2. 
and refs. 23 and /06). Injured ribs and sternal bone penetration/transection are possible in 
suicides (Fig. 19). Sternal transection has been described in severely mentally ill individu- 
als (6). Rib and sternal wounds may have associated intercostal or internal mammary artery 
injuries (see Chapter 8, Subheading 6.1. and refs. 38, 73, and /07). 

Tool classification is possible in the assessment of knife wounds involving rib carti- 
lage (108). The consequent striations may have only general class characteristics, but small 
imperfections in the knife can produce individual marking patterns (/08,/09). These stria- 
tions can be matched with the cutting edge of the knife using specialized techniques (/09). 
Bone and cartilage from the injury site can excised and retained in formalin fixative (/09). 


6.2. Craniocerebral Trauma 


6.2.1. Skull Trauma 


Homicidal stab wounds of the head have been described (//0). Self-inflicted penetra- 
tion of the calvarium is rare (see Subheading 2.3; Fig. 32; ref. 14). Multiple hammer-type 
impacts against a braced knife may occur. A sharp-pointed object (e.g., nail) can be 
hammered into the head (///). Impalement through the skull by various objects has been 
described (e.g., pencil, crowbar /45,/12/). Sharp objects readily penetrate the relatively 
thin squamous temporal bone in a fall (45). Power tools (e.g., band or circular saw) have 
caused self-inflicted cranial injuries (Fig. 5; refs. 65 and 69). An accidental power tool 
injury has mimicked a gunshot entry (67). 


6.2.2. Transorbital Penetration 


Transorbital penetration into the brain is uncommon (54,//3). The majority of 
cases are accidental, involving children or adults falling or slipping onto impaling 
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objects (e.g., pencil /7,11,31,53,54,110,113—118]). Suicides have been described 
(117,119,120). Homicidal sharp-force trauma can be inflicted on the eyes (52). 

The penetrating object is usually greater than 5 cm (2 in.) long because the depth 
of the average adult orbital cavity (4 to 4.5 cm or about 1.75 in.) must be transversed 
before the cranium is penetrated (52,//7). The orbital cavity anatomy directs objects 
along the medial wall (52). The globe is farther from the medial wall than the lateral 
(medial distance = 6.5 mm or about 0.25 in., lateral distance = 4.5 mm or about 0.2 in. 
[52]). The track can continue through the superior orbital fissure or thin orbital plate 
(52,77,114,117). Because of the toughness of the sclera and the mobility of the eye, the 
globe is usually spared, but trauma does result from larger objects (J/7—/19). After an 
object penetrates the superior orbital fissure, it is directed to the cavernous sinus beneath 
the frontal lobe, and continues medial to the temporal lobe, above the petrous ridge and 
lateral to the brainstem (52,//9). The carotid artery and optic nerve can be injured 
(119). Accidental wounds tend to travel up into the frontal lobe (//9). A self-inflicted 
wound tends to track toward the posterior cranial fossa (J17,121). 

A transorbital injury can be invisible externally, particularly when periorbital 
swelling occurs and becomes manifest only when neurological symptoms develop 
(118,119). Radiological investigation (X-ray, CT) reveals radiopaque objects (/22). 
MRI can delineate a wooden foreign body (1/23). 

Trauma to the orbit can lead to fatal arrhythmia by vagal inhibition through vari- 
ous reflexes: oculocardiac, blepharocardiac, and trigeminocardiac (/24—1]26). 


6.2.3. Other Cranial Orifices (Fig. 33) 


Impalement injuries of the palate are rarely associated with death (/27). A typical 
scenario is a child falling forward while holding an object in its mouth (/27). Injuries 
in the peritonsillar area can lead to internal carotid artery thrombosis (/27). 

Transnasal insertion of a ballpoint pen has been observed (/20). 


7. PURPOSEFUL ACTIVITY AND SURVIVAL 


Varying degrees of purposeful activity are possible prior to death (9/). 

One study documented physical activity in only 21% of sharp-force fatalities 
(128). Survival times from 5 min to 42 h were seen in some victims, although activity 
was generally limited (e.g., ascending a staircase prior to collapse //28/). Another 
series showed that some physical activity was possible in fatal stab wound cases, based 
on reliable witness accounts (28). Suicide victims may anticipate a severe injury and can 
be more physically active than homicide victims, who are frequently taken by surprise 
(28). Ethanol intoxication does not necessarily affect activity and survival time (/28). 

Victims are more likely to die immediately when there is a penetrating injury of 
the heart; however, hemodynamic instability following cardiac injury depends on a 
number of factors (see Heading 8 and refs. 73 and /28). Other vascular injuries (e.g., 
aorta) can contribute to shock (73,/29). Injury of a coronary artery can precipitate 
myocardial ischemia (73). The location of the pericardial defect may allow sealing by 
adjacent mediastinal structures. If the pericardial hole is small, blood is less likely to 
escape into the pleural cavity. Cardiac tamponade is significant when a volume of 150 
to 200 mL is reached (/28). A slit-like stab wound, compared with the gaping defect 


Chapter 7/Penetrating Trauma 385 


Fig. 33. Self-inflicted stabbing. An additional injury was seen in addition to a fatal chest 
wound. (A) Impalement of rod in ear; cranium not penetrated. (B) Radiograph shows position 
of rod. (Courtesy of Dr. E. Tweedie, London Health Sciences Centre, London, Ontario, Canada.) 


of a gunshot hole, means the myocardium can contract and narrow the defect (Fig. 34; 
ref. 28). A hole in the ventricular myocardium less than 1 cm (about 0.5 in.) long 
can close spontaneously. Small perforations (0.7 to 1 cm; 0.25 to 0.5 in.) of the 
myocardium, compared with larger holes (up to 2 cm or 0.75 in.), are associated with 
a longer survival (28). Compared with gunshot wounds, survival time of victims from 
sharp-force trauma is longer and mortality lower (28,/30). In a study of penetrating 
cardiac wounds, stabbing victims were more likely to reach the hospital (73). Despite 
a penetrating heart injury, even in the face of multiple injuries, purposeful activity is 
still possible for a short time (/28). One case report described a suicidal stab wound to 
the chest that resulted in six stab wounds (0.5 to 1 cm or up to about 0.5 in. long) of 
the anterior left ventricle. Three hundred milliliters of blood collected in the pericar- 
dial cavity, and the left and right chest cavities contained 320 and 90 mL of blood, 
respectively. The 44-yr-old male victim was able to wash the knife, changed his bloody 
clothes, ate lunch in the presence of a relative and died 2 h later (/3/). 

Transection of unilateral carotid and vertebral arteries leads to collapse within sec- 
onds, but if blood flow is not completely disrupted on one side, then physical activity is 
possible for several minutes (28). Exsanguination from a peripheral vein (e.g., great 
saphenous vein) is a rare event, and survival for several hours is possible (28). A 49-yr- 
old woman was found hanging after walking 100 m (330 ft) from a car where a knife 
was found. She had three chest wounds that punctured the lungs and incised her right 
internal jugular vein (/32). Similarly, transection of peripheral arteries can be survived 
up to several hours (28). 
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Fig. 34. Slit-like stab of heart. 


Individuals can survive for hours with other multiple visceral injuries (liver, kidney, 
lungs), if the heart and great vessels are uninjured (/28). 

Internal bleeding may not be massive in victims dead at the scene; however, victims 
surviving longer can have considerable blood loss (/28). Blood loss up to 1.5 L can be tol- 
erated without unconsciousness (/28). The amount of external blood loss can be estimated 
by weighing blood-soaked clothing and other linen articles and then reweighing them after 
washing (26). Evidence (e.g., DNA analysis) from these items takes priority. 


8. MECHANISMS OF DEATH 


Stab and incised wounds are “low-velocity” injuries, and the consequences are 
usually limited to the direct effects of a discrete wound track. Wound tracks require 
exploration to determine the cause of death based on the location of the wound and 
associated bleeding, i.e., quantitation of blood in cavities. Mechanisms of death include: 
Shock owing to exsanguination. 

Air embolism (when neck structures are involved; see Subheading 12.1; Chapter 5, 
Subheading 14.8.; and refs. //7, 73, and 129). 

Asphyxia from aspirated blood (e.g., injury to lung, trachea or vertebral artery [Fig. 35; 
refs. 15,/9]). 

Cardiac tamponade. 

Hemo- and/or pneumothorax. 

Brain and spinal cord injury (Fig. 14; refs. 9, 11, 37, 32, 90, 133, and 134). 

Delayed complications—marked hypotension during the immediate postoperative 
period; various postoperative complications including pulmonary embolism, pneumo- 
nia, wound sepsis (Fig. 17), rebleed, and cardiac ischemia (73); meningitis from skull 
wound (//9). 
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Fig. 35. Stab wounds of neck. Trachea opened at autopsy. Lumen filled with blood. 


Pathologists must be aware of the immediate and proximate causes of death in 
these cases (see Chapter 1, Heading 11). 


9. PATHOLOGIST’S APPROACH TO STAB AND INCISED WOUNDS 


1. Photograph the body overall prior to removal of clothing. Note evidence of blood 
spatter. 
2. Removed clothing is retained as evidence. Document holes and tears in clothing and 
correlate with cutaneous wounds. 
. Photograph unclothed body, including the injuries, prior to cleaning. 
4. Note sharp-force injuries: 

a. Length, width, and depth. If the wound is gaping, appose its edges and remeasure the 
length. The depth of the wound can be probed gently to determine direction (in rela- 
tion to the deceased), realizing this may be revised when the wound track is explored 
internally. 

b. Orientation of wound (horizontal, vertical, oblique) relative to the deceased. 

c. Ends of wound—sharp or dull? Are there associated sharp or blunt trauma injuries? 

d. Position of wound is measured from the top of the head, midline of the body, and an 
anatomical landmark. If there is more than one wound, they can be numbered 
arbitrarily. 

. Examine the remainder of the body, particularly the hands. 

. A radiograph of the injured body site must be done to exclude a broken knife tip. 

. Clean the body and re-examine the wounds. Photograph the wounds. 

. If the knife is in situ, protect it with a plastic bag during the examination. Attempt to 
determine the location of the knife tip during the dissection. 
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9. Document wound tracks, the presence of hemorrhage, and quantity of blood in cavities. 
10. Document other types of injuries and evidence of disease. 
11. Collect toxicology specimens. Collect a sample of blood for DNA analysis, if necessary. 


10. DoG BITES 


Deaths from dog attacks are rare (estimated 10 fatalities per year in the United 
States /135,/36/). Although severe injuries are associated with large dogs (e.g., pit 
bulls, Rottweilers, German shepherds), any size dog can cause significant bites 
(136-140). Young (aged 1 to 5 yr) male dogs are more likely to bite people (/40). The 
vulnerability of the victim is a factor. The majority of victims are young children or eld- 
erly individuals (/35—/43). Sleeping infants have been attacked (/36,/37). 

Pet dogs are involved in most attacks (/38,/40). Attacks are more frequent in the 
vicinity of the dog owner’s property, and the dog is usually unrestrained (/36,/44). There 
are various reasons why a dog is provoked: the animal’s position in the family is unsettled 
(e.g., new baby); the dog fears that its territory, food, or toy is threatened and the animal’s 
distress is unrecognized, particularly by young children; aggression is stimulated by a per- 
son’s physical activity or vocalization; and the dog’s behavior is changed by illness (e.g., 
rabies /136,138,140,143,145]). Starvation is not necessarily a motivating factor 
(135,145). Prior aggressive activity by the dog may have been observed (/35, 137,144). 

Dog pack attacks are uncommon (/35,/43,/45). Dogs have a natural pack instinct 
(143,145). Having engaged in past predatory activities and variable social interaction 
with humans, pack dogs either perceive threats or are stimulated by human activity (e.g., 
running //35,/43,145/]). Consequent defensive actions by the victim (e.g., flailing arms) 
can exacerbate the attack (/35). 

The greatest frequency of bites involves the lower extremities, followed by the 
upper extremities, head, face, neck, and torso (/40). Stray dogs tend to bite the upper 
extremity. A typical scenario is a child attempting to pat the head of a stray dog (/40). 
Pet dogs, which have closer contact with children, tend to bite the head, face, or neck 
as the child bends over the animal (/40,/43,144, 146). Head and neck injuries are the 
most common fatal injuries (135,143,147). A pack attack has a greater chance of inflict- 
ing severe injury (/35). Dogs immobilize prey by first biting the victim’s hindquarters, 
and then the head, neck, and thorax when the victim falls (138,140, 143,145). 

The bite marks of dogs tend to be longer and narrower than those of cats (/48). 
There can be extensive soft tissue loss on the head, neck, and torso with loss of viscera 
and extremities as an angry dog moves its head vigorously (/35,/43,147). Amputation 
is possible. Clothing can be shredded (/35,/49). Depressed skull fractures and cranial 
perforations are possible in a child (/36,/50,/51). Infectious complications (e.g., 
cellulitis) can occur if the victim survives (/43,/47). Extensive injuries can mimic 
homicidal sharp-force trauma (Fig. 36) (149). 

Blood, clothing, and hair of the victim can be found on the dog or in its mouth 
(135,138). The animal’s gastrointestinal tract needs to be examined for human body 
parts by radiographs and during autopsy (/36,/38,/43). An autopsy of the dog also rules 
out medical conditions that could have precipitated an attack (/38). The animal’s den- 
tition can be compared with bite marks on the victim (/36,/38,142,148,149). Sets of 
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Fig. 36. Multiple wounds from dog attack on young child. (Courtesy of Dr. J.C.E. 
Kaufmann, The University of Western Ontario, London, Ontario, Canada.) 


bite marks are found if a pack attack has occurred (/45). Material from the dog’s mouth 
may be seen in the wound by microscopy (/49). 


11. ANAPHYLAXIS: INSECT BITES AND INJECTIONS 


Anaphylaxis (anaphylactic shock) is an immediate type of hypersensitivity reac- 
tion leading to peripheral circulatory collapse (/52). Anaphylaxis is estimated to cause 
about 500 deaths annually in the United States (/53). Anaphylaxis is triggered by the 
release of histamine and other inflammatory mediators from tissue mast cells (/52). 
Activation of mast cells is the result of interaction of an allergen and a specific IgE anti- 
body on the mast cells, but certain drugs and diagnostic agents also directly cause mast 
cell histamine release (/52,/54). Situations triggering anaphylaxis include insect bites 
(e.g., Hymenoptera [wasps]), injection of drugs and therapeutic agents (e.g., antibiotics, 
an allergy shot), ingestion of certain foods (e.g., shellfish), and inhalation of pollen 
(152,154). Mast cell mediators contract smooth muscle (e.g., bronchospasm), dilate 
vessels, and increase capillary permeability (/52). The most frequently presenting 
features are related to acute respiratory or circulatory failure (dyspnea, wheezing, 
chest pain //52,/55/). Seizures, nausea and vomiting, and skin eruptions also occur 
(152). Symptoms onset typically within 20 min of exposure but can be delayed up to 
2.5 h (152). 

Histamine is unsuitable for postmortem analysis because of a very short half-life 
(156). Tryptase, a neutral protease found in mast cell secretory granules, has a longer 
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half-life and is a measure of mast cell activation in anaphylaxis (/53,/54,156,157). 
Tryptase becomes elevated in the serum | h after the triggering event and remains 
increased for several hours. It then declines to a normal level, if the victim survives 
(1/54). A normal tryptase level implies that an anaphylactic event did not occur. 
Alternatively, the blood sample may have been drawn either too early or too late. 
Tryptase levels are best analyzed on serum obtained from the patient while alive or 
within 24 h of death (/53,/54). Postmortem serum needs to be submitted on ice and 
frozen at —20°C. Postmortem tryptase is elevated in nonanaphylactic deaths and must be 
interpreted in the context of the case (/56,/58). More specific is the determination of 
8-tryptase. Pleural and pericardial fluids are not useful for analysis (/54). Elevation of 
IgE-specific antibodies indicates prior sensitization (154,159). 

Postmortem findings in an anaphylactic death are nonspecific and vary (/52). There 
are no findings in some cases (/52,/55). Congestion of lungs and other viscera is com- 
monly observed and may be the only finding (/52,/54,/55). Pulmonary emphysema 
reflecting airway obstruction is seen in some cases (/52,/54,/55). Distension of lung 
parenchyma can alternate with atelectasis (/52,/55). Laryngeal edema is a more specific 
finding, but it is not always grossly apparent (/52,/53,/55). Edema of the tongue and 
supraglottic area may be observed (/55). In these cases, microscopic examination of the 
glottis shows edema in the lamina propria (/52,/55). Edema is also found in the trachea 
and bronchial lining (/55). Hyperinflation can be seen in the lung microscopic sections 
(152,155). Underlying asthmatic changes (e.g., thickening of respiratory epithelial base- 
ment membrane) may be present (/55). Microscopy of the liver and spleen can show an 
increased number of eosinophils, but this could reflect previous sensitization (/55). 
Eosinophils may be conspicuous in the lungs and upper respiratory tract (152,/55). 


12. THERAPEUTIC MISADVENTURE 


A fatality caused by a therapeutic misadventure is defined as a death that arises from 
an unexpected medical care-related injury or adverse outcome during or immediately 
following a medical procedure or treatment and that is not a consequence of an inherent 
disability or prior medical condition, side effect, or natural complication of the involved 
procedure or medication (/60). Therapeutic misadventure includes mechanical manipula- 
tion for diagnosis or treatment; incorrect, mistaken, or substandard medical procedures; 
inappropriate drug dosage or administration; incorrect use of medical equipment; and use 
of inappropriate, malfunctioning medical equipment (/60). Iatrogenic illness is defined as 
any illness that resulted from any medical procedure or treatment (/6/). Iatrogenic illness 
and therapeutic misadventures do not imply negligence (/6/,/62). 

For a hospital-based pathologist dealing with a therapeutic misadventure death, a 
potential conflict of interest arises if the death occurred in the pathologist’s hospital. An 
autopsy may need to be done in another facility. If this is not feasible, the family should 
be assured that a thorough independent investigation will be overseen by a coroner or 
medical examiner. A complete autopsy, including microscopic examination and other 
necessary ancillary studies, is required (/62,/63). In the case of anesthetic/surgical 
deaths, the determination of the cause of death must take into consideration not only the 
nature of the surgery and potential complications, but also underlying disease that could 
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have contributed to the demise of the patient (/63). The contribution of an iatrogenic 
complication arising during surgery to death causation is interpreted in the context of 
whether the surgery was elective or taken for a desperate life-threatening problem. 

A study of hospitalized patients in the state of New York showed that 3.7% of hos- 
pitalizations had an adverse event (/64). About one-fourth were caused by negligence 
(164). Of 815 patients admitted to a medical service at a university teaching hospital, 
36% had an iatrogenic illness (/6/). In 9%, the incident was major, threatening life or 
producing disability. In 2% of cases, patients died. The largest category was drug-related; 
however, the highest percentage of serious complications was caused by diagnostic and 
therapeutic procedures. Cardiac catheterization was most common. Patients admitted 
from a nursing home into an intensive care unit had a higher frequency of complications. 

A series of deaths in Pennsylvania, classified as therapeutic misadventures, 
showed that about three-fourths resulted from treatments and the rest arose from diag- 
nostic procedures (/60). About half were traumatic in nature (most commonly fatal 
bleeds arising from catheter insertions), 17.5% from medication toxicity, about 13% 
owing to anaphylaxis (antibiotics, radiographic contrast material), and a similar per- 
centage from airway obstruction (tracheostomy problems //60/). More than 90% 
occurred in hospitals, and university-affiliated hospitals had almost twice the complica- 
tion rate of other institutions (/60). Notification regarding a medicolegal investigation 
was initiated by the pathologist in some cases (/60). 

Forty-four cases classified as therapeutic misadventure, comprising 0.46% of 
9497 deaths reported to the Office of the Coroner in Dayton, OH, had the following 
breakdown: surgery, 36% (most common: intraoperative vascular or visceral trauma 
with fatal hemorrhage; other causes: cardiorespiratory arrest, complications of tra- 
cheostomy, air embolism, poor surgical risk owing to severe natural disease, coagu- 
lopathy with exsanguination, aspiration of blood); anesthetic complications, 30% 
(most common: acute reaction with cardiorespiratory arrest during induction; other 
causes: aspiration during induction, respiratory arrest during a procedure or in the post- 
operative period, delayed liver failure, overdose); therapeutic procedures, 18% (most 
common: viscus perforation, cardiac arrest following electroconvulsive therapy; other 
causes: improper dialysis solution, therapeutic vascular overload, aspiration of blood, 
vascular laceration); diagnostic procedures, 14% (most common: vascular or cardiac 
lacerations; other causes: acute reaction to intravenous contrast medium, intra- 
esophageal installation of caustic material, cerebral vascular accident, air embolism); 
and drug reaction (penicillin allergy), 2% (/62). 


12.1. Iatrogenic Penetrating Injuries (Central Vascular Lines) 


Leaving vascular lines in place is essential for the investigation of iatrogenic 
injuries (165). Multiple puncture sites are evidence of repeated attempts to insert a line 
(Fig. 37; ref. 166). The subclavian vein approach is the most frequently used approach 
for central venous and Swan-Ganz catheters. The purpose of central venous lines is to 
measure central venous pressure, allow rapid administration of fluid, circumvent the use 
of inadequate peripheral veins, allow prolonged fluid and parenteral administration, and 
guide placement of transvenous pacemakers and Swan-Ganz catheters (/67). A subcla- 
vian line can also be used for hemodialysis, particularly for a patient who needs urgent 
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Fig. 37. Postmortem radiograph—pneumothorax. Repeated subclavian punctures during 
introduction of central venous line. 


treatment (/68,/69). A Swan-Ganz catheter measures pulmonary intravascular pressure, 
which reflects cardiac function. A chest radiograph identifies line placement (/67). 


12.1.1. Complications Resulting in Death 


¢ Air embolism (see Chapter 5, Subheading 14.8.) 

o Air embolism is a risk when central lines are inserted in the neck, thoracic and neuro- 
surgical procedures are performed, or pneumothorax occurs (170-173). Lines are 
inserted with the patient horizontal or in a head-down tilt position (J 70-172, 174). 
Estimates of the quantity of air sufficient to cause death from venous air embolism 
vary from 10 to 480 mL (/71/,/75). Large volumes are tolerated, if introduced 
slowly into the circulation (1/76). Air in the right ventricle obstructs the flow of 
blood to the lungs, resulting in cardiac failure (173). Air can be introduced during 
the insertion of the line or following its disconnection (/70). Air in the venous cir- 
culation can reach the systemic circulation by either interatrial/interventricular 
shunts or through the transpulmonary capillary bed (173,174,177). 

o Postmortem external features of air embolism (/73,/78): 

= Cyanosis of face and neck. 
» Blood-stained fluid oozing from nose and mouth because of increased venous 
pressure. 
= Blisters of eyelids. 
» Protrusion of tongue. 
» Palpable subcutaneous emphysema. 
= Generalized cutaneous petechiae. 
e Internal features of air embolism include: 
» Aspiration of air from right side of heart (Fig. 38). 
= Air can be present in the left ventricle. 
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Fig. 38. Air embolism. Air aspirated from right ventricle. Bubbles (arrow) in syringe that 
contained a few milliliters of water. 


» Air bubbles apparent in blood vessels (e.g., coronary veins). 

» Microscopic examination of the lungs may reveal clear intravascular spaces sur- 
rounded by leukocytes and platelets (179). 

¢ Perforation is a common cause of death (172). 

e Hydrothorax (hemodialysis), hydropericardium, hydromediastinum, chylothorax, 
hemothorax (penetration of heart or major vein), pneumothorax (subclavian punc- 
ture; see Fig. 37; and refs. 165, 167, 168, 170, 171, and 180-184). 

» Left-sided central vein approach is associated with damage to the thoracic duct 
(172). 

» The vascular line can penetrate a major vein, the heart, or a pulmonary artery 
branch, leading to leakage of fluid and blood into the mediastinal, pleural, or 
pericardial cavities (Fig. 39; refs. 167, 168, 170, 171, and 183); a major neck 
artery may be inadvertently punctured when a line is introduced (Fig. 40). 

= Pneumothorax is the most common complication because of the proximity of 
the lung apex to the subclavian vein (Fig. 37; ref. 167). 

o Thrombosis (167,172,180). 

o Retention of catheter fragment (167,170,180). 

» Most common cause is shearing of the tubing by the sharp beveled needle (iatro- 
genic or patient-caused //70,180/). 

» Can lead to myocardial perforation, pulmonary embolism. and thrombosis with 
infarction. 

o Infection/sepsis (172,180). 

o Arrhythmia. 

© Intracardiac placement of catheter irritating heart (/67). 
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Fig. 39. Perforation (arrow) of pulmonary artery by tip of Swan-Ganz line (clamped dur- 
ing autopsy). (Courtesy of Dr. E. Tweedie, London Health Sciences Centre, London, 
Ontario, Canada.) 


Fig. 40. Insertion of central venous line for hemodialysis. (A) Considerable bruising 
surrounding subclavian puncture (arrow). (B) Probe indicates accidental puncture of 
subclavian artery. 


13. SELF-INFLICTED VENIPUNCTURES 


Single or multiple self-inflicted venipunctures are encountered in intravenous drug 
users. Venipunctures are seen in common sites (e.g., antecubital fossa) or are observed 
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Fig. 41. Recent venipunctures in drug abusers. (A) Antecubital fossa. (B) Dorsum of foot. (C) 
Neck. (Courtesy of Dr. E. Tweedie, London Health Sciences Centre, London, Ontario, Canada.) 


Fig. 42. Venipunctures in a drug user can be caused by resuscitation. Intravenous line 
inserted. A witness indicated where the deceased had injected cocaine (arrow). 


in less apparent locations ( ). Venipunctures owing to resuscitation need to 
excluded, a determination made more difficult if intravenous lines have been removed 
(F ). “Track marks” indicative of scarring from previous injections may be seen 


( ). 
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Fig. 43. “Track marks” (cutaneous scars on forearm) indicative of past intravenous drug 
abuse. Recent venipunctures (arrow). 


11. 


12. 
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Chapter § 


Blunt Trauma 


With Reference to Planes, Trains, 
and Automobiles 


Summary 


Blunt trauma is the most common injury seen in forensic pathology practice. Cutaneous 
injuries, in most cases, are not fatal and are seemingly unimportant; however, their documentation 
has evidentiary value. Unlike the relative specificity of a penetrating injury to its origin, patterned 
blunt trauma injuries are infrequent; however, the distribution of external and internal injuries can 
fit a pattern consistent with a particular injury scenario. Unique injury patterns can be observed in 
fatalities related to motorized vehicles (e.g., restraint system). The cause and mechanism of death 
(e.g., hemorrhage, physical disruption) is self-evident in most site-specific injuries; however, like 
certain types of craniocerebral trauma, how the victim died can be subtle (e.g., commotio cordis). 
In some cases (e.g., fat embolism), microscopy assists in the determination of death caused by 
blunt trauma. 


Key Words: Nonpenetrating wounds; blunt injuries; motor vehicles; traffic accidents; air bags; 
seat belts; aircraft; railroads; accidental falls; cardiopulmonary resuscitation; decubitus ulcer; fat 
embolism; rhabdomyolysis. 


1. GENERAL PRINCIPLES 


Blunt trauma is the most common type of injury a pathologist encounters when 
doing medicolegal autopsies. Many cases have a host of external and internal injuries, 
and their relative roles in causing death need to be interpreted by the pathologist. The 
significance of the observed trauma is not just limited to determination of cause of 
death; other issues need to be addressed. In a few cases, trauma is minimal. Deaths 
from blunt trauma can literally be “too much or too little” in terms of pathological 
findings. 
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If the body hits or is hit by a blunt surface, then localized absorption of a critical 
amount of mechanical energy permanently alters the anatomic integrity of the affected 
site and creates a wound. Structural alteration can occur by pulling apart (tension), press- 
ing (compression) or applying differential force (friction or shear). Contiguity between 
external (i.e., cutaneous injuries) and internal trauma is evidence of direct application of 
force, but internal disruption does occur without external signs. Internal injuries, without 
cutaneous trauma, also suggest forces acting remotely from the impact site. Visible 
trauma, usually internal, as seen at autopsy or under the microscope, is a sign of a patho- 
physiological disturbance leading to death. Rarely, fatal injury is not apparent. 

The presence and extent of injury depends on the amount of force exerted. Force 
is a product of mass x acceleration (Newton’s second law). Acceleration is the change 
in velocity (6V) occurring over a period of time (67). An increase in the velocity of the 
moving surface (body or blunt surface) causes a proportional increase in force. If veloc- 
ity change occurs over a short period of time (i.e., decreased 57), then force increases 
proportionally (/—3). Force concentrated over a small area is more likely to be injurious 
(i.e., stress proportional to force/area) (2,3). The interrelation between the velocity (V) 
of body deformation and degree of compression (C) is an important factor in injury cau- 
sation (4). Impact severity has been described as a product of these two factors (V x C 
[4-6]). A visceral injury—e.g., lung contusion—can occur with minimal chest com- 
pression, as indicated by few or absent rib fractures, if the velocity of deformation is 
high. The resistance of an organ or tissue to compression and impact velocity is a reflec- 
tion of its “viscous tolerance.” 

Kinetic energy is energy associated with motion (kinetic energy = 0.5 mv, where 
m is mass and v is velocity). The higher the amount of kinetic energy, the greater the 
potential for injury. The amount of kinetic energy absorbed is dependent on the nature 
of the surface impacted (3). Contact with a hard surface means that a considerable 
amount of mechanical energy is dissipated in the body (2). The greater elasticity of the 
skin and the rib cage of a young individual means less damage, but less elastic internal 
viscera (e.g., liver) can be severely disrupted. The structure and configuration of certain 
organs or body sites are predisposed to injury. For example, differential displacement 
causes shear stress at the transition between the mobile aortic arch and fixed descend- 
ing thoracic aorta (see Subheading 6.5. and ref. 7). Energy absorption is magnified in 
gas-filled structures by shock-wave effects. Fluid-filled organs (e.g., heart) burst 
because of increased hydrostatic pressure (see Subheading 6.4.). 


2. SKIN INJURIES 


Three types of skin injuries are commonly seen: contusion (bruise), abrasion 
(scrape) and laceration (tear). Contusions have common characteristics (8—/2). A con- 
tusion is manifest as skin discoloration from underlying extravasation of blood owing 
to blood vessel rupture as a result of trauma or disease (see Subheading 3.2. and Fig. 1). 
The surface is intact. Unlike “open” abrasions and lacerations, a contusion is “closed” 
and not liable to be infected. An abrasion occurs when the superficial skin layers are 
removed by friction, compression, or stretching (Fig. 2). A laceration is a tear of the tis- 
sue surface. A cutaneous laceration is distinguished from an incised wound caused by 
sharp force trauma by irregularity of the wound edge, strands of tissue bridging the 
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Fig. 1. Contusions of different ages. (A) Recent contusion; purple-red. (B) Healing contu- 
sion; brown. (C) Almost-healed contusion (arrow); yellow. (See Companion CD for color 
version of this figure.) 
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Fig. 2. Various abrasions. (A) “Brush” abrasions caused by relatively smooth surface (e.g., 
paved road). (B) Punctate and linear abrasions (“road rash”) owing to more uneven sur- 
face (e.g., gravel road). 


Fig. 3. Laceration. (A) Variable irregularity of wound edge. (B) Undermining and tissue 
bridging (arrow). 


defect, and undermining (Fig. 3). The latter is caused by the lifting of the skin, which 
creates a pocket of soft tissue disruption. 
Deformity and swelling are external signs of acute fracture (F and 5). A fracture 


can be confirmed by a postmortem radiograph (Fig. 5). 
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ee 


Fig. 4. Fractures of upper extremity. (A) Deformity owing to fracture of radius-ulna. 
(B) Swelling; fractured humerus. 


Fig. 5. Elderly woman found dead on patio in winter. Hypothermia (see Fig. 9). 
(A) Shortened and externally rotated left leg. (B) “Paradoxical” undressing. (C) Postmortem 
radiograph-fractured left femur, which incapacitated victim. 


3. SIGNIFICANCE OF BLUNT TRAUMA SKIN INJURIES 


The first step in the interpretation of cutaneous skin injuries is accurate documen- 
tation by narrative description, diagrams, and photographic/digital images. Once there 
is a proper record of the injuries, the interpretation of their significance is done, realiz- 
ing that even minor injuries have considerable medicolegal importance (/3). 
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Fig. 6. The typical yellow color of a postmortem abrasion. (See Companion CD for color 
version of this figure.) 


3.1. Antemortem or Postmortem 


The observed injury could have occurred after death. Bruises, either alone or in 
combination with other types of cutaneous injuries, are a sign of cardiac output; how- 
ever, bleeding is diminished during the agonal phase preceding death because of declin- 
ing heart function. Further injury can happen after infliction of fatal trauma. Injuries can 
occur during removal from the scene, transportation, and autopsy (Fig. 6). Postmortem 
changes can alter or mimic injuries (see Chapter 2, Subheadings 3.2., 3.3., and 5.2.). 


3.2. Degree and Direction of Force and Cause of Death 


Generally, multiple, extensive, and open cutaneous injuries imply a greater degree of 
force. Injuries distributed on different surfaces of the body may, depending on the circum- 
stances of injury, represent multiple concurrent impacts or repetitive trauma. A cutaneous 
injury is an external sign of severe visceral injury and indicates significant absorption of energy 
at that site. Rarely, fatal exsanguination is caused by a skin laceration (Fig. 7). Extensive soft 
tissue trauma can be a cause of death (see Subheading 12.1. and refs. 3 and /4). 

The degree of bruising reflects the amount of inflicted trauma, but a number of 
factors modify this interpretation (/3). 

Contusions can be extensive yet arise from minimal trauma. If an individual is tak- 
ing medications (e.g., aspirin, anticoagulants) or has a bleeding diathesis (e.g., cirrhosis, 
hemophilia), then there is a predisposition to hemorrhage (see Subheading 3.4.1.1.; Fig. 7; 
and refs. 8 and /3). Children bruise more easily because of their loose, delicate skin 
(8,13). Elderly individuals, because of dermal atrophy and decreased capillary support, 
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Fig. 7. Alcoholic found dead in home. Acute ethanol intoxication (240 mg/dL). Cirrhosis 
seen at autopsy. (A) Evidence of considerable bleeding at scene. (B) Exsanguination from 
laceration on left eyebrow. Hematoma, upper eyelid. 


develop senile ecchymoses (&,/3,/5). These bruises typically arise in individuals more 
than 60 yr of age and arouse suspicion of abuse (/5). Senile ecchymoses are character- 
ized by nonpalpable foci of hemorrhage with irregular edges. They typically involve the 
arms and to a lesser extent, the sides of the neck, and legs (Fig. 8). They are seen in nurs- 
ing home patients, but they also occur in individuals in acute care hospitals and at home. 
Minimal trauma, such as lifting or other means of physical support, can precipitate 
ecchymoses. Obesity enhances bruising (8, /3). 

The nature of the impacted site influences the skin injuries seen. Force inflicted 
over a bony prominence (e.g., orbital ridge) is more likely to cause laceration (Fig. 7). 

Unlike abrasions and lacerations, contusions do not always indicate a direct 
impact site because of tracking of blood (Fig. 9). Direction of force can be determined 
in abrasions and lacerations (e.g., abraded layers of skin pushed to one side, unequal 
undermining of a laceration consistent with tangential force /3/). If extravasated blood 
collects in deep soft tissue (hematoma), bruising is not apparent initially and is appre- 
ciated only by incision of the suspected injured site (Fig. 10; refs. 3 and 8). The scalp 
is a site of “hidden” bruises (Fig. 11). Scalp hair covers contusions. A scalp contusion 
may not be appreciated externally until the scalp is reflected. Hemorrhage is typically 
seen at the scalp—skull interface, which shifts with blunt impact. If the individual sur- 
vives, blood may reach the skin surface, and the consequent bruise can appear more 
recent. The extent of bleeding is increased if the injured tissue is loose, vascular, or both 
(e.g., periorbital, genital areas; see Fig. 7 and refs. 3, 8, and /3). Continued pressure on 
an injured site reduces bleeding (8). 


3.3. Aging of Injuries 
A frequently asked question at autopsy and legal proceedings is, “How old are the 
injuries?” Attempts at aging of injuries can be done at the time of autopsy, by 
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Fig. 8. Senile ecchymoses on neck. (Courtesy of Dr. E. Tweedie, London Health Sciences 
Centre, London, Ontario, Canada.) 


Fig. 9. Elderly woman found dead outdoors from hypothermia (see Fig. 5). (A) Extensive 
extravasation of blood in left arm and forearm from fractured humerus sustained 2 wk 
prior to death. Neck abrasions (arrow) raised the possibility of strangulation. There were 
no external petechiae. Internal neck trauma was absent. (B) Fracture of humerus demon- 
strated in postmortem radiograph. 


microscopy and other specialized techniques. Generally, cutaneous injuries are not pre- 
cisely linked to a specific time of infliction (3). The pathologist must consider that the 
observed injuries can be contemporaneous (i.e., at the time of death), coincidental 
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Fig. 10. Soft tissue hematoma, back. Note the absence of bruising on the skin surface. 


Fig. 11. “Hidden” scalp contusions. (A) Contusion (arrow) hidden by scalp hair, which 
was partly cut at autopsy. (B) Another case showing reflected posterior scalp. Contusion 
at interface between scalp and skull. Bruising was not evident externally. 
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(i.e., before the fatal event and unrelated), and evolutionary (i.e., at the time of the injury 
but developed during a survival interval—e.g., subdural hemorrhage). 

Of the cutaneous injuries, a contusion is the most problematic to age. As hemo- 
globin degrades by macrophage ingestion, visible bruises undergo a series of color 
changes; this effect has been used to age injuries (Fig. 1). The perception of bruises is 
influenced by a number of factors. Dark skin pigmentation means that contusions are 
either missed or altered in color. The type of light available and color perception also 
influence observations (/6,/7). The color of a contusion is, at best, only an approxima- 
tion of the time since injury, because of many variables involved (8—//,/S—20). Free 
hemoglobin appears red (9,//). Biliverdin and bilirubin are green and yellow, respec- 
tively. Hemosiderin is also yellow. Darker colors, such as blue and purple, indicate 
blood reflecting light at different depths in the skin (9). Green can be a combination of 
blue and yellow discoloration (9). Generally, red, purple, or black discoloration happens 
in the “immediate” period—1.e., within 24 h following injury (8,/2). A survival period 
of 24 to 72 h causes the bruise to become blue, dark purple, or brown. A yellow tinge 
can be seen at this stage, and this persists for days. In one study, which reviewed photo- 
graphic images of bruises on patients, yellow discoloration was associated with an 
injury more than 18 h old (9). Green discoloration follows in the first week and lasts up 
to the 10th day after trauma. After 7 to 10 d, the bruise turns yellow. Disappearance of 
color begins at 2 wk or more (/2). 

There are divergent opinions regarding when certain colors appear (e.g., brown at 
1 to 3 d as opposed to 1 wk; yellow at several days as opposed to 2 wk ///,20/). Bruises 
inflicted at the same time at different body sites can appear differently depending on the 
depth of hemorrhage, nature of the injurious agent, and the individual’s response to 
injury (/0). Bruises resolve at different rates (9). Healing begins at the periphery of the 
bruise, meaning that central areas of large bruises may appear more recent (/0,//). 
Resorption of blood is enhanced if a bruise occurs at the site of previous injury. The 
more the vascular the injured site, the faster the rate of healing. Faster healing has been 
observed in young individuals (//,2/). 

The appearance of “fresh” wounds (red, blue, purple) can persist for some days 
(9,10). Pathologists cannot express an opinion about the specific age of the bruise but 
can state that, based on certain colors (yellow, green, brown), the observed bruise is 
“older” (9,/0,18,20). Photographic assessment of injuries in the clinical setting, partic- 
ularly involving children, is not precise (/0,/6). 

Representative cutaneous injuries need to be sampled for microscopic examina- 
tion if there are issues related to the timing of injuries. The histological assessment of 
open injuries (abrasions and lacerations) is more definitive. There are three stages of 
healing: inflammation (1 to 3 d after injury), a proliferative phase (up to 10 to 14 d post- 
infliction) and a reorganization or remodeling phase (more than 2 wk to months; see 
Fig. 12 and ref. 8). The healing of open skin wounds is summarized as follows 
(8,12,21,22): 


1. Scab formation 
a. Up to 4h, serum, red blood cells and fibrin deposit on the injured site (indicates 
survival). 
b. From 2 to 6h, perivascular polymorphonuclear leukocytes (PMNs) are seen. 
c. By 8h, a layer of PMNs is seen under the raw surface or crushed epidermis. 
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Fig. 12. Healing laceration. Note irregular ingrowth of epidermis into residual skin defect. 


d. By 12h, three zones are present: 
i. Superficial (fibrin and red blood cells on the surface) 
ii. Middle (PMNs) 
iii. Deep (damaged, abnormally stained collagen that, by 18 h, becomes infiltrated 
by PMNs). 
e. At 16 to 24 h, macrophages exceed PMNs. 
2. Epithelial regeneration (from hair follicles and wound edges) 
a. By 30 h in superficial injuries. 
b. Visible by 72 h in most abrasions. 
3. Subepidermal granulation (following complete epidermal covering of abrasion) 
a. Fibroblasts at | d earliest, regular appearance by 5 d. 
b. 5to8d. 
c. Hyperplastic epidermis, 9 to 12 d. 
4. Regression 
a. At 8 to 12 d, decrease in cellular activity (i.e., inflammation, capillary in growth, 
fibroblasts). 
b. At about 12 d, epidermis thinned and collagen prominent. 
c. At more than 14 d, shrinkage and maturation of connective tissue. 

The aging of bruises is less defined. Following hemorrhage in the early stages neu- 
trophils are detected in various wounds within 20 to 30 min (up to 4 h in subcutaneous 
fat); however, the usual range is 1 to 24 h (8,2/). Care is required in the microscopic 
assessment of the aging of hemorrhage because inflammatory cells passively enter soft 
tissue with extravasated blood. Exudate is significant if seen away from accumulated 
red blood cells (2/7). Macrophages follow within a few hours but are clearly evident in 
1 to 2 d. Siderophages appear in 24 to 72 h in a cutaneous injury and are demonstrated 
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Fig. 13. Injury pattern. (A) Knuckle bruises consistent with punch. (B) Contusions on 
middle phalanges of fingers. Central areas of pallor (arrows) within bruised areas due to 
deceased forcefully knocking on doors. 


by a Perls’ Prussian blue reaction (&,2/,23,24). The appearance of siderophages is site- 
dependent (e.g., in the brain, minimum 3 to 5 d; in the lung, 17 h at the earliest /8/). A 
lack of hemosiderin does not provide information about the postinfliction interval 
because its presence is dependent on the amount of bleeding initially, and complete 
resorption is possible with old wounds (8,24). 

Various enzyme histochemical, biochemical, immunohistochemical, and other 
techniques have been applied attempting to age wounds (5,9, /9,25—29). 


3.4. Injury Pattern/Patterned Injury 
3.4.1. Injury Patterns 


Many wounds caused by blunt trauma are nonspecific in determining the nature of 
the blunt surface that caused those injuries. An injury pattern is defined as a predictable 
but nonspecific injury having a characteristic distribution consistent with a particular 
traumatic event (Fig. 13). Blunt trauma injury patterns are seen in certain types of deaths. 


3.4.1.1. CHRONIC ALCOHOLISM 


Chronic alcoholics, when intoxicated, fall repeatedly. They are predisposed to 
bleeding because of abnormal coagulation caused by cirrhosis (Fig. 7). Multiple blunt 
trauma injuries (e.g., contusions) on the extremities, torso, and face suggest assault 
(Fig. 14; ref. 30). There may be associated internal injuries that heighten concern. The 
finding of external and internal trauma of different ages, supported by toxicological 
analysis and investigation of the circumstances of the death, provides reassurance. 


3.4.1.2. HYPOTHERMIA 


Hypothermia occurs when the body temperature drops to less than 35°C (95°F 
[31-33 ]). Poor indoor heating, cold water immersion (see Chapter 5, Subheading 4.5.), 
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Fig. 14. Multiple contusions. Chronic alcoholic subject to repeated falls. (A) Forehead. 
(B) Elbow. (C) Knee and shin. (Courtesy of Dr. A. Tuck, London Health Sciences Centre, 
London, Ontario, Canada.) 


and outdoor exposure are common scenarios (3/,34). Certain predisposing factors play 
a role. Persons at the extremes of age are vulnerable (Fig. 5; refs. 3/ and 34-36). 
Underlying disease or injury render an individual more vulnerable. Ischemic heart 
disease is a setting for cold-induced arrhythmia (36). Endocrine dysfunction (e.g., 
hypothyroidism, diabetes mellitus) alters perception of cold and decreases the ability 
to compensate (3/). Neuropsychiatric illness (e.g., schizophrenia, dementia) can blunt 
the desire to seek shelter from the cold (3/,37,38). Intoxicated individuals, either in 
wet clothes or dressed inadequately, are typical victims of cold weather exposure 
(31,34-36,38,39). 

These cases can display a pattern of blunt trauma injuries. Abrasions occur com- 
monly on the extremities, but other body sites may be involved (Figs. 5, 9, 15; refs. 35, 
36, and 38). These scrapes can be caused by falling or rubbing. Their distribution on the 
dorsum of the hand suggests an altercation (Fig. 15). Suspicions are heightened if 
clothes have been removed. Paradoxical undressing varies from removal of footwear to 
complete nudity, which suggests sexual assault (Fig. 5; refs. 35,36, and 38-40). This 
phenomenon is the result of cold-induced vasoconstriction that is followed by vasodila- 
tion from loss of vascular tone (35,36,35,40). The result is a false sense of warmth, and 
there even may be evidence of rolling around in the snow (35,39). Paradoxical undress- 
ing occurs in the setting of dementia and suicide (37,39). Hypothermic victims can also 
be found in unusual locations (e.g., lying under a bed) because of “terminal burrowing 
behavior” (38). 

Associated external findings include frostbite, edema of the face and extremities, 
and red livor mortis (Fig. 16; refs. 35, 36, and 4/). Areas of purple or red-purple discol- 
oration, particularly on the knees and elbows in nonlivid areas, have been described and 
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Fig. 15. Hypothermia death. Victim found lying face down on ice. Subtle abrasions on dor- 
sum of hand from rubbing (see 9). 


Fig. 16. Ischemic changes of right foot owing to frostbite. 
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Fig. 17. Hypothermia. Gastric erosions arranged in a rectangular distribution (arrow). 


may be a postmortem change (35,36,4/). When the body is thawed, veins are accentu- 
ated on extremities, and marbling caused by decomposition is enhanced (4/). 

Internal findings may be few. Acute changes include superficial gastric erosions, 
pancreatic hemorrhage, pulmonary edema, and “striped” hemorrhages in the iliopsoas 
muscles (Fig. 17; refs. 35, 36, 38, 40, and 4/). Stomach lesions are likely caused by 
ischemia from vasoconstriction (40). A prolonged survival period can be complicated by 
coagulopathy, rhabdomyolysis, and renal failure (see Chapter 8, Heading 13; and ref. 3/). 

Toxicological testing is necessary to determine whether the victim was intoxi- 
cated. Acetone, detected in the urine, may be a sign of cold-induced ketosis (38). 


3.4.2. Patterned Injury 


The finding of a patterned injury—i.e., the source of injury is reproduced on the 
skin surface—is less common but has important evidentiary value, particularly in 
homicide investigations (Figs. 18—23 and refs. 8 and 42-47). On occasion, the injury is 
the mirror image of the striking object (44). Linking a patterned skin wound with its 
injury source is done by various means (e.g., 1:1 transparent overlay, photographic com- 
parison of wound and the object or its cast, ultraviolet light illumination /44—-48/). 


3.4.2.1. HUMAN BITE MARK 


A human bite can occur during a sexual assault, child abuse, certain types of sex- 
ual behavior, and self-defense. Some bite marks have more innocent explanations (e.g., 
self-inflicted, child biting child //2,49-56/). Human biting tears or crushes, resulting in 
contusions, abrasions, and lacerations in a circular or elliptical array (49,57). Often the 
bite mark is composed of two “U”-shaped marks, corresponding to the upper and lower 
teeth and separated by an open space (between 25 and 40 mm, or about 0.125 in.), 
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Fig. 18. Driver involved in near-side collision. (A) Multiple lacerations on left cheek. 
Reverse L-shaped laceration (arrow). Fragments of tempered glass embedded in wounds. 
(B) Characteristic rectangular fragments of broken tempered glass from a side window. 
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Fig. 19. Patterned abrasion on chest caused by steering wheel. 
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Fig. 20. Driver fatality. (A) Two parallel linear abrasions (arrows) on left cheek of driver. 
(Courtesy of Dr. C. McLean, London Health Sciences Centre, London, Ontario, Canada.) 
(B) Patterned injury caused by intrusion of A-pillar (A). 


Fig. 21. Lower abdominal cutaneous injuries from lap belt (“seat-belt sign”). 
(A) Contusion. (B) Abrasion. 


which can be contused from teeth pressure (49). Petechiae from sucking may be pres- 
ent (55). Usually, impressions are made by the anterior six teeth (canine to canine 
[49,55]). Studies of bite marks have shown that most victims of a criminal act are 
women (- §). The breast is the most common location. Male victims are more fre- 
quently bitten on the arms ( §). Male children can be bitten on their genitalia, and 
girls sustain bites to many locations. Multiple bite marks do occur (58). 

If a bite mark is suspected, then consultation with a dentist specializing in foren- 
sic odontology is necessary ( }). Examination of a bite mark is best done in situ 
(57). If a case involves an assault, then the bite mark is swabbed for saliva, for the pur- 
pose of DNA analysis ( 50). Tooth fragments or dental calculus can be found in 
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Fig. 22. “Secondary” impact by a pedestrian struck by a motor vehicle. (A) Impact with 
hood edge and front headlight. (B) Another case showing semicircular abrasion above 
right hip likely the result of headlight contact. (Courtesy of the Office of the Chief Medical 
Examiner, Chapel Hill, NC.) 


Fig. 23. Run-over. (A) Patterned abrasions on neck. (B) Weave pattern of sweatshirt. 


the bite mark (54). Photographs (color, black and white) with a proper reference (American 
Board of Forensic Odontology) scale, and models of the suspect’s dentition are required 
for comparison (49 ). The bite mark impression is a negative reproduction of teeth 
indentations, and is used to create a model ( ; refs. 59 and 62). A model of a sus- 
pect’s dentition can be compared either directly with a photograph of a bite mark or 
indirectly by use of an overlay created by computer, photocopy, or hand-tracing 
( ). A bite mark is mimicked by other types of skin trauma (e.g., sharp- 
force trauma, cardiac defibrillation /- 57 ]). Although a bite mark is a patterned 
injury, it is not always unique to one individual ( ). 


4, DECUBITUS ULCERS (PRESSURE SORES) 


Pressure on skin overlying bony prominences (e.g., spine including sacrum, scapu- 
lae, elbows, greater trochanters, heels, and ankles) can result in decubitus ulcers ( ): 
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Fig. 24. Bite mark on back. Dental impression on mold. 


Decubiti occur in patients in nursing homes and hospitals or at home (73,76). Prevalence 
of ulcers in these patients was about 11% in one series (73). One prospective postmortem 
study showed a similar frequency (72). The frequency of decubitus ulcers varies from 
0.1% in the community to 30% in spinal cord rehabilitation patients (73). 

Any individual who is confined to bed can develop a decubitus ulcer. Poor nutri- 
tion, vascular insufficiency (e.g., diabetes mellitus), accumulation of urine and feces 
due to incontinence, and friction arising from the actions of caregivers (e.g., reposition- 
ing patient on the bed) are contributing factors (69, 7/—75,77). Rubbing of the skin likely 
removes an already devitalized epidermis (78). The area of pressure first shows ery- 
thema (stage 1), then proceeds to a blister or superficial ulcer (stage 2), full thickness 
cutaneous necrosis with extension into the subcutaneum and fascia (stage 3), and even- 
tual involvement of underlying muscle and supporting structures (bone, tendon, joint 
capsule; stage 4 /69,71,73—75/]). 

Deep decubitus ulcers run the risk of sepsis secondary to cellulitis and 
osteomyelitis (7/—74,76,79-S1). Microscopic assessment can determine whether soft 
tissue and bony inflammation are present; however, clinical signs of sepsis and micro- 
biological studies—i.e., a positive blood culture—support the role of the decubitus 
ulcers in the cause of death (70,72,74,75,78,S0,81). Bacterial contaminants of the 
wound site are common (69,75). Bacteremia is aerobic (e.g., Staphylococcus aureus) or 
anaerobic (e.g., bacteroides /8//). Polymicrobial bacteremia does not necessarily indi- 
cate contamination. Other infectious foci must be excluded (80). 

Decubitus ulcers in hospitalized patients have been associated with an increased 
mortality risk (73,75,76,79,52). Decubiti, irrespective of the stage, are markers of debil- 
itation and indicate that multiple factors related to terminal illness led to the death of the 
patient (79,82). The development of advanced-stage ulcers raises concern about the 
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Fig. 25. Elderly individual. Prolonged immobilization in bed at home. Decubitus ulcers, 
right hip. 


individual’s care (Fig. 25; refs. 71, 72, 74, 76, 50, 83, and 84). Animal studies have 
shown that muscle necrosis develops after sustained pressure lasting 1 to 2 h (74,75). 
Frequent repositioning in a busy hospital setting is a challenge. There may be no inter- 
vention strategy that completely reduces the incidence of decubitus ulcers (77). 


5. FREE FALLS FROM HEIGHTS 


All manners of death occur (7,85—89). Certain situations are encountered frequently: 


e “Jumpers”: women comprise about one-fourth to one-half of suicides (7,87,90). A ten- 
dency to see older victims, in some series, likely reflects the demographics of the com- 
munity (97,92). Most cases occur at the victim’s residence (89). Some victims have 
traveled to sites (85,90,93). Many have a psychiatric history, substance abuse issues, or 
debilitating disease (90,92—95). Depression is more common than psychosis. A suicide 
note or ideation occurs in up to about one-third of victims (85,92). Other scene findings 
support intent (e.g., removal of shoes prior to falling, crawling through a narrow window, 
falling over a barrier higher than victim’s center of gravity /85,89/). Psychotics have 
jumped through windows (96). Although some series show suicides associated with 
greater heights than accidents, this is not consistent (85,91,92,97,9S). The distance a body 
is found from a structure is not necessarily reliable in determining intent, i.e., jump vs fall; 
however, one theoretical study showed that, depending on the take-off angle, a distance 
of 40 m (about 130 ft) suggested a running jump compared with 10 m (about 33 ft) for a 
fall from a standing jump (85,88). Bodies may have been moved after discovery (89). 
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¢ Workplace incidents and other accidental falls: falling from buildings, scaffolds, and 
ladders is a leading cause of death in the construction industry (85,99, /00). Males aged 
20 to 30 yr are the most frequent victims (7,85,87,99, /00). Issues arise regarding work- 
place safety, intent, and the role of intoxication and disease (85,87, 100,101). 
Intoxication and reckless behavior are factors in nonwork-related accidental falls. The 
use of ethanol and illicit drugs have been detected in up to one-third of accident and sui- 
cide victims (85,90). 
Defective barriers and lack of adult supervision lead to children falling from apartment 
buildings (102,103). 
Homicides occur in up to 2% of deaths (85,87). 

Various factors determine the extent and distribution of injuries (2,/04). The height 
fallen is a major, but not invariable, determinant (2,/05—107). Generally, the greater the 
height, the greater the likelihood of multiple fatal injuries (55,87,97, 106, /08—111). The 
velocity of the fall is calculated as V = V2 g h, where g is gravitational acceleration 
(9.8 m/s?) and h, the distance fallen (103,112,113). A falling body from 2 stories 
(1 story = 3 to 4.5 m or 10 to 14.5 ft) reaches a velocity of 15 m/s (30 mph) and from 40 
stories, about 60 m/s (120 mph //,2,86,90,108,/14/). For adults, falls from at least 5 sto- 
ries to a hard surface are frequently fatal, although survival is possible up to 8 stories 
(2,85,86,97, 114,115). A study of children hospitalized after falls showed that all who fell 
3 stories or less survived (//6). There was an extrapolated 50% mortality rate for those 
who fell from 5 to 6 stories. Another study of subjects, aged 15 years or younger, showed 
that three-fourths of those falling five stories were dead at the scene (//7). Some falling 
from shorter heights succumbed because of delays in diagnosis (e.g., epidural hematoma). 
Falls from more than five stories were associated with multiple lethal head injuries. 

Although the force:area ratio is high in a feet-first impact, this landing position is 
usually associated with less injury (87,/05,/12,/18,119). Head-first impacts are most 
likely to be fatal (90). 

Falling on a deformable surface (e.g., water, snow) lessens the degree of injury by 
increasing the impact duration; however, for any given surface, a spectrum of injuries 
occurs (1,2,85,87,90,91,98, 105,106,114). Survivors of bridge jumps from about 75 m 
(250 ft) into water have been seen (90,/ 19-121). High-altitude falls (up to 7000 m or 
23,000 ft) into snow with survival have been recorded (/22). 

Children tolerate falls better than adults (2,/03). Children have less mass and more 
flexible bones, and are cushioned by subcutaneous fat. They tend to fall in a more 
relaxed state. Younger individuals have a greater cardiopulmonary reserve, allowing 
recovery from injuries (90,105,106, 114,123). 

Clothing increases drag on the body, and air resistance at great heights can slow 
descent (90,/12). 

Injuries from falls arise from vertical decelerative forces during direct impact, sec- 
ondary impact from objects intervening during the descent or after initial impact, and 
energy transfer to sites remote from the impact site (/,7,86,97,106,109, 113,114,119). 
Vertical deceleration causes severe chest (e.g., aortic tear, cardiac rupture) and abdom- 
inal visceral trauma (/,2,7,/19,/20). Bouncing on impact occurs from great heights 
(2,106,124). Direct impacts occur on the head, buttocks, lateral body, and lower 
extremities, but the determination of the primary impact sites is not always obvious 
(7,110,113). One study of suicides showed that feet-first impacts were common in 
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jumps from lower floors (up to the 12th story), side-first up to the 13th floor, and head- 
first in free-falls from greater heights (90). 

Depending on the impact site, injury patterns emerge (7): 

¢ Head. Head impacts tend to occur in accidental falls of adults and children because the 
body’s center of gravity is in the upper body (2,/02,/03). Skull fractures and brain 
injuries can be observed in isolation (2,7,/13,/18). Secondary impacts after striking 
the ground account for head injuries in other landing positions. Head injuries dominate 
in fatal falls regardless of height (7,87,90-92,115,116,125). One study showed fatal 
head injuries dominated in falls below 7 m (23 ft) and above 30 m (97 ft /////). 
Another series found severe head injuries dominating in falls below 10 m (33 ft) and 
above 25 m (81 ft) (89). 
Buttocks. Pelvic and thoracolumbar fractures are common (2,7,/04). There can be con- 
siderable retroperitoneal bleeding (1/5). Spinal fractures are typically caused by com- 
pression (7,109,115,1/25). Force transmitted through the spine causes basal skull 
fractures (“ring” fracture around the foramen magnum /7,/04,1/3/). 
Lateral body. Rib fractures can directly tear viscera. Intrathoracic trauma can occur oppo- 
site the side of impact (7,//9). One study showed that the number of rib fractures increased 
with the height of the fall such that in all falls above 40 m (130 ft), fractures were seen (///). 
Lower extremities (feet-first). Fractures can involve the feet, ankles, and shins but may be 
absent in water impacts (2,7,85,105). Force is transmitted to the femur, thoracolumbar 
spine, and base of skull (/,2,7). Unlike torso, buttock, and lower extremity impacts onto 
a hard surface, falls into water may have minimal cutaneous injuries but severe visceral 
trauma (85). Falls into water have been associated with “blast” effects (rib fractures, pul- 
monary contusions, pneumothorax; see Chapter 4, Subheading 8.1.; and refs. /, 2, 105, 
112, 113, 118, 119, 126, and 127). Some victims drown if they are unable to swim 
because of a leg fracture (87,105, 1 18—120,126). 


Generally, injuries are seen on the impacted side—i.e., one surface plane (89). 
Multiple blunt trauma skin injuries on different body surfaces, particularly if there are 
no corresponding extremity and thoracic fractures, arouse the suspicion of foul play 
(85,98). Multiple lethal injuries in children could indicate abuse (//7). 

Upper extremity fractures are possible if the victim is struck by objects while 
falling or attempts to brace the fall when landing (Fig. 26; refs. 85 and //3). If a vic- 
tim’s grip loosens, then injuries may be observed on the palms (Fig. 27; ref. 85). 

Hyoid and laryngeal fractures have been observed (89,/18). 


6. CHEST TRAUMA 
6.1. Chest Wall 


Direct compression causes rib and sternal fractures (/28). Fractures indicate energy 
dissipation of the applied force (/29). The weakest point of the chest wall is along its lat- 
eral aspect (/28). Typical fracture patterns emerge depending on the site of compression: 
anterior compression— sternal and anterolateral rib fractures; posterior compression— 
posterior rib fractures; and lateral force —posterior fractures and costochondral disrup- 
tion (128). Older individuals, because of osteoporosis and decreased musculature, are 
more likely to sustain chest wall fractures following injury (/28,/30—133). Chest wall 
fractures in children indicate a high degree of force (e.g., motor vehicle collision) applied 
to relatively more elastic ribs (128,134). 
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Fig. 26. Fall from a height. Abraded laceration of wrist and associated fracture. Victim may 
have attempted to brace fall. 


Fig. 27. Victim grasped balcony rail before falling. Abrasions on palm. 
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Because chest wall trauma can contribute to death directly or indirectly, the 
autopsy examination is not limited simply to the dissection of organs, but the integrity 
of the chest wall must also be inspected (Fig. 28). 

Contiguous fractures, involving at least three ribs and having two fracture sites 
along each of the affected ribs, create a loose segment that moves paradoxically with 
respiration (“flail chest” //28,/35/). Fractures of any part of the thorax can lead to flail 
chest (128,136). A transverse sternal fracture enhances paradoxical movement (/35). 
Posterior rib fractures are better supported by back muscles and the scapulae (/35). Flail 
chest is complicated by respiratory insufficiency and, if the trauma victim is hospital- 
ized, atelectasis and consequent pneumonia can develop (128, /35,137-139). 

The distribution and extent of rib fractures provide information about the direction 
of force, the relative severity of the applied force, and the presence of underlying vis- 
ceral injuries (/28,/36,139,140). Visceral injuries are not invariably accompanied by 
chest wall fractures, particularly in young individuals (/40). A sternal fracture points to 
mediastinal trauma. Lower rib fractures are a sign of diaphragmatic and abdominal 
organ injuries. Three or more rib fractures is associated with an increasing risk of vis- 
ceral trauma and mortality (/30,/41/). A clinical review of 1490 patients admitted with 
blunt chest injuries showed a mortality rate of 4.7% in those with more than two rib 
fractures and 17% in patients with flail chest (/3/). When compression overcomes the 
integrity of the chest wall (thoracic stability limit), then collapse and considerable vis- 
ceral injuries result (6). Based on cadaver studies, the “limit” is at least six rib fractures 
(see ref. 6 and Subheading 6.5.). 

Hemothorax and pneumothorax are common findings when chest wall fractures 
are observed (137,140,141). The risk of these complications rises when the number of 
rib fractures increases (/3/,/39). Pneumothorax is caused by lung laceration. Hemothorax 
is commonly caused by lung, heart, and great vessel trauma (see Subheadings 6.4.2., 
6.5.-6.7. and ref. /40). 

During the examination of the chest cavity, the pathologist must not only docu- 
ment any fractures, but also realize that injury to intercostal vessels is another source of 
of hemothorax (/42). Hemothorax following rib fractures can be delayed (/43—146). 
The usual source of bleeding is from an intercostal artery (/43—/45). Delayed hemor- 
rhage may occur during a period of clinical improvement when deep breathing and 
coughing increase chest movement (/44). Rarely, no rib fractures are present (/45). 
Failure to examine the sternum, separated from the chest during the autopsy, means that 
an internal mammary artery or vein tear can be missed (Fig. 29). This is a rare injury 
(147,148). It is also associated with clavicle or rib fractures (/49). Sudden deceleration 
can avulse the internal mammary artery from its origin at the subclavian artery. The 
consequent hemothorax or mediastinal hematoma leads to shock in a few hours 
(147,149,150). 


6.2. Closed-Chest Resuscitation Injuries 


Complications from manual and device-assisted compression—decompression 
during cardiopulmonary resuscitation (CPR) have been described (Table 1; refs. /5/ 
and /52). 

Chest wall fractures are the most common injury (Fig. 30) (152,155,164, 168,169, 
173,174). In a study of 705 resuscitated individuals, 63% had five or more rib fractures, 
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Fig. 28. Rib fractures. (A) Massive anterior rib and sternal fractures (insertion of chest tube 
through left chest wall defect). (B) Multiple posterior rib fractures indicated by subpleural 
hemorrhage (arrows). These injuries are appreciated only if the chest cavity is examined 
following the removal of organs. 
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Fig. 29. Fracture of sternum (two cases). (A) The undersurface of the sternum showed an 
apparent “laceration” of the internal mammary artery (tip of probe), but this was an arti- 
fact of the scalpel cut (arrows) during removal of sternum. (B) Run-over. Sternum reflected 
superiorly (partly covered by label). Undersurface shows internal mammary vein tear 
(probe inserted into torn end). 
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Table 1 
Complications of Closed-Chest Cardiac Resuscitation 


Chest wall 
Ribs + sternum fracture-dislocation (/5/—160) 
¢ Flail chest (155,/6/—163) 
¢ Costochondral junction separation (/63—/65) 
Chest wall hemorrhage (/66,/67) 
Hemothorax (157,152,155, 164,168,169) 
Other fractures (clavicle, scapula, cervical spine, thoracolumbar /155,162,164,170/) 
Diaphragm rupture (167) 
Cardiovascular system 
Pericardial laceration (/52,/56,171) 
Hemopericardium (/5/,/53,155,158,164,172) 
¢ Cardiac rupture 
¢ Pericardiocentesis, pacemaker, central venous line (157,173—175) 

Myocardial contusion (152,/55,158) 

Intramural hemorrhage (posteroseptal left ventricle common //54,/55,157,164,169/) 

Myocardial rupture 
¢ Atria (152,155,156,176) 
¢ Ventricles 

o Normal myocardium (156,/57,160,168,171,177) 

o Myocardial infarct (156, 172,173,178) 

© By fractured rib or vertebral osteophyte (/7/, 179) 
¢ Papillary muscle (1&0) 

Coronary artery laceration (/52) 

Aortic intimal laceration/rupture (ascending/descending thoracic aorta-associated 
atherosclerosis /152,156,164,168,181 ]) 

Aortic dissection (associated atherosclerosis //82/) 

Venous laceration (e.g., inferior vena cava, splenic vein, renal vein, internal mammary vein 
[155,159, 164,169, 183]) 

Respiratory system 

Pleural laceration (/52) 

Pulmonary contusion/laceration (157, 160,164,183) 

Pulmonary barotrauma (pneumothorax, pneumopericardium, pneumoperitoneum, 
pneumomediastinum, pulmonary interstitial and subcutaneous emphysema 
[151,155,164, 168,169,173, 174,184]) 

Tracheal laceration/hemorrhage (157,184) 

Intra-abdominal organs 

Rupture of esophagus, stomach, colon (/5/,/58, 167,179, 185-189) 

Laceration of esophagus, stomach (167,154,189, 190) 

Gastric dilatation (/55,/58) 

Hepatic laceration (15/,154,155,158,159,164,168,169,191) 
¢ Hepatic artery laceration (192) 

Hepatic subcapsular hematoma (/55,/64) 

Splenic laceration (154,155,159, 164,168,169) 

Pancreatic hemorrhage; pancreatitis (159, 193-195) 

Omental hemorrhage (/55) 
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Table 1 (Continued) 


Retroperitoneal space 
Hemorrhage ( ) 
Adrenal hemorrhage (/69) 
Bone marrow and fat embolism (see Subheadings 12.1. and 12.2.) 
Rhabdomyolysis—renal failure (see Heading 13; ref. ) 
Retinal hemorrhage (children) —see Subheading 6.2 and ref. 197) 


Fig. 30. Examination of sternum removed at autopsy revealed midline vertical fracture 
resulting from cardiopulmonary resuscitation. 


and about three-fourths had bilateral involvement (/55). Autopsy studies of CPR-caused 
chest wall fractures show a variable frequency. One study showed one to four rib fractures 
in 8.4% of adult cases and more than five fractures in 2.6% (164). Another older study 
found 2 to 8 fractures in 31% of cases, and more than 8 in 3.8% (/53). Weakened bone 
structure from osteoporosis, excessive force, and misdirected application of chest com- 
pression increase the possibility of chest wall fractures and visceral trauma 
( ). Typically, fractures involve the anterolateral third to sev- 
enth ribs and mid-sternum (/32). “High” hand placement results in upper rib (first, sec- 
ond) and sternal fractures (155). “Low” compression results in lower rib (below the sixth 
rib) and sternal fractures, and possible intra-abdominal injury ( )). Hemorrhage at 
fracture sites indicates that cardiac output was achieved during chest compressions. 

Rib fractures in children are unusual and considered suspicious of child abuse; 
however, they have been observed arising from CPR ( ). Retinal hemor- 
rhages in children after CPR are associated with prior severe trauma (/97). 

Tearing of a viscus or vessel can be the result of penetration by a fracture fragment 
(160). Increased hydrostatic pressure also contributes. Any serious injuries that arise 
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from resuscitation must be interpreted in the context of an agonal event (/52,/55). If the 
person is revived, then resuscitation-related trauma can contribute to morbidity and 
mortality. More than one injury can occur. In one study, 33% of individuals with CPR- 
related thoracic trauma had abdominal complications, 23% upper airway trauma, and 
about 15% pulmonary or cardiovascular sequelae (/55). Life-threatening complications 
were seen in fewer than 1% of patients. 


6.3. Pericardium 


Pericardial laceration is frequently associated with penetration by chest wall frac- 
tures (1/99). Cardiac rupture and great vessel trauma are common, but not invariable, 
concomitant injuries (199,200). Laceration is observed on the diaphragmatic, superior 
mediastinal, or lateral aspects of the parietal pericardium (/99). The left side is most 
common (/99). Lateral pleuropericardial tears are usually vertical, vary in length, and 
sometimes involve the phrenic nerve (199). 

Pericardial tears preclude cardiac tamponade (/99,20/). Instead, hemothorax, 
hemoperitoneum or mediastinal hemorrhage is seen. Cardiac herniation through lateral 
pleuropericardial defects, particularly on the left side, causes severe hemodynamic com- 
promise (199,200,202). Delayed deaths are possible (/99). Abdominal viscera can her- 
niate through diaphragmatic defects, leading to cardiac tamponade (/99,203). 


6.4. Heart 


Blunt trauma of the heart is caused directly by precordial impact, with or without 
lacerating rib and sternal fractures, and indirectly by increased intracardiac pressure 
from compression and deceleration (129,204—209). 


6.4.1. Myocardial Contusion 


Myocardial contusion is an injury that is variably observed in the clinical and 
autopsy settings (/29,204,205,210,211). Clinically, more serious injuries overshadow 
the presence of a contusion (205,210,212). Immediate death from other causes means 
that visible features of a contusion are not seen (2/0,2//). 

Transient arrhythmias usually arise within 24 h of hospital admission but can 
be delayed (204,205,207,208,210—214). Myocardial contusion is a rare cause of death, 
but fatal arrhythmias and heart failure can develop days after the initial injury (2/0-2/2, 
215). Fatal electromechanical dissociation has been observed in experimental animals 
with myocardial contusions and elevated ethanol levels (204). 

At autopsy, a circumscribed area, most commonly on the right ventricle and 
resembling an infarct, is observed, but unlike an infarct, hemorrhage is more prominent 
(Fig. 31; 204, 207, 210, and 2/1). Less severe contusions show subepicardial or suben- 
docardial hemorrhage (205). Necrosis in a contusion can progress to rupture (2/6). 
Rarely, a true aneurysm or pseudoaneurysm forms and ruptures (2/6). 


6.4.2. Cardiac Laceration and Rupture 


The anterior surface of the heart, underlying the chest wall, is composed as fol- 
lows: 55% right ventricle, 20% left ventricle, 10% right atrium, 10% ascending aorta 
and pulmonary artery and 5% vena cavae (205). The frequency of cardiac rupture sites 
mirrors the surface anatomy (/29,206,217—220). Septal ruptures are relatively uncommon. 
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Fig. 31. Myocardial contusion (delimited by arrows). 


Atrial rupture most likely happens when the heart is squeezed during systole (204). 
Survivability is most likely with an atrial tear ( ). Ventricular rup- 
ture occurs from a precordial blow during diastole ( ). Other mechanisms of car- 
diac rupture include increased pressure caused indirectly by abdominal and extremity 
trauma, and deceleration ( )). Cardiac lacerations can heal forming ventricular 
aneurysms (227). Cardiac aneurysms are complicated by rupture, congestive heart fail- 
ure, arrhythmia, and systemic emboli. Delayed rupture can occur during healing 


( ). 


6.4.3. Commotio Cordis (Cardiac Concussion) 


Commotio cordis (cardiac concussion) is characterized by sudden death from car- 
diac arrest after a seemingly minor precordial blow in the absence of serious structural 


cardiovascular disease or trauma ( 5). In some cases, a cutaneous contu- 
sion is observed in the precordial area ( 35). Usually, no chest wall fractures are 
seen ( ). Lung contusions may be the only morphological clue that chest 


impact has occurred (237). Victims either collapse instantaneously following impact 
or remain conscious and active briefly before experiencing a cardiac arrest ( 

). Usually, cardiopulmonary resuscitation is unsuccessful in restoring nor- 
mal cardiac rhythm ( ). Even when cardiac rhythm is restored, irreversible 
hypoxic brain damage has occurred (235). Complete recovery is possible in some cases, 
if there is prompt resuscitation and defibrillation (229 5). Rarely, commotio 
cordis resolves spontaneously (231). 
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The mechanism of ventricular dysrhythmia is precordial impact during the 
electrically vulnerable period of repolarization (T-wave) of the cardiac cycle 
(229,230,232,234-236,239). A premature beat is triggered, leading to ventricular fibril- 
lation (231,232,235). The occurrence of commotio cordis is dependent on the type of 
mechanical stimulus, strength of impact, and impact site (mid- to lower sternum /230/). 
Swift mechanical impulse stimulation involving medium to high forces is the most 
likely scenario (230). 

Commotio cordis is often associated with sports or play activities usually, but 
not exclusively, involving children and young adults (Fig. 32; refs. 23/, 232, and 
235). Young individuals are considered more vulnerable because of increased chest 
compliance allowing more energy transfer to the heart (207,234,235). Solid-core 
objects are more likely to trigger a fatal arrhythmia than air-filled balls (23/). 
Baseball and softball games are the most common settings (229,231). Impact by base- 
balls was observed at estimated speeds of 48 to 80 km/h (30 to 50 mph) and at dis- 
tances of 12 to 14 m (40 to 45 ft /231,235/). In experiments conducted on swine, chest 
strikes at 40 mph (64 km/h) were most likely to elicit commotio cordis (232-234, 
240). Contact by other objects or surfaces (e.g., hockey stick, stone, part of the upper 
or lower extremity) has been described (/75,207,231,232,234,235,241). Hockey 
pucks and lacrosse balls travel at speeds up to 144 km/h (90 mph /239/). In a few 
cases, broader surface trauma (e.g., tackling, “body check”) has been observed 
(229,231,232,235). Use of chest protectors does not necessarily reduce the risk 
(229,231). Commotio cordis is an injury mechanism in motor vehicle collisions (see 
Subheading 14.2.2. and ref. 24/). 


6.4.4. Coronary Arteries 


The sequelae —1i.e., dissection, thrombosis, laceration—rupture, fistula, aneurysm— 
of coronary artery blunt trauma are rare (2//,242—249). An associated myocardial con- 
tusion may be seen (2//,250). All three major branches can be injured (245,250-252). 
Myocardial ischemia does occur, and atheroma is not always present (243-245, 
248,249, 251-254). 


6.4.5. Cardiac Valves 


Blunt trauma can tear the tricuspid and mitral valves and their papillary muscles 
and chordae tendineae (255—269). Aortic valve tears occur (270,271). Valve insuffi- 
ciency from an aortic intimal tear has been described (272). 


6.5. Aorta (Including Abdominal Aorta) 


Motor vehicle trauma is a major cause of aortic trauma (273-275). Traumatic 
aortic rupture is seen in up to one-fourth of deceased motor vehicle occupants (273, 
274,276-282). The large majority of traumatic aortic rupture victims are dead at the 
scene (273,276,283,284). There is usually other associated severe trauma, and aortic 
injury is rarely an isolated finding (273,275,283,285—287). 

The isthmus —i.e., the area of the descending thoracic aorta below the left subcla- 
vian artery ostium— is the most commonly injured site (Fig. 33; refs. 273-275 and 283). 
The isthmus is a “fixation” point at the junction between the mobile proximal aorta and 
the descending thoracic segment bound to the spinal column (275,283). It is an inherently 


Chapter 8/Blunt Trauma 435 


Fig. 32. Commotio cordis. Young child playing baseball was hit in the chest by a hard 
plastic ball. Cardiac arrest at scene. Victim pronounced dead after 40 min of resuscitation. 


Fig. 33. Transection of descending thoracic aorta (isthmus). Ostium of left subclavian 
artery (arrow). 


weak part of the aorta because of the ligamentum arteriosum, the scarred remnant of the 
fetal ductus arteriosus (275). Increasing age and disease (e.g., atherosclerosis) further 
weaken the isthmus (288). Aortic tears are unusual in the young ( ). 
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Fig. 34. Multiple traumatic intimal tears (arrow) of descending thoracic aorta below a par- 
tial tear of the aortic isthmus. Multiple superficial tears have been considered a sign of 
increased aortic pressure at the time of impact. (Courtesy of Dr. E. Tweedie, London 
Health Sciences Centre, London, Ontario, Canada.) 


Various theories have been proposed to explain why this relatively protected area 
of the aorta is predisposed to traumatic rupture ( ,283,291). These explanations 
have included chest crush—compression, deceleration, increased intravascular pressure, 
and other hemodynamic forces (Fig. 34). The likely common pathway is longitudinal 
stress on the aortic isthmus leading to typical transverse tearing, ranging from intimal 
laceration to rupture (275). At autopsy, an isthmic tear is a cause of a left hemothorax. 
Following its quantitation, inspection of the course of the descending thoracic aorta 
along the thoracic spine, before removal of organs, reveals a pleural tear with an under- 
lying isthmic rupture. Multiple rupture sites are possible (275 ). Rupture sites can 
heal (292). Rib fractures are not always present (140,275,253). In one study in adults, 
aortic rupture was associated with a minimum of five to seven rib fractures (see 
Subheading 6.1. and ref. ). 

The ascending aorta, another fixation point, is the second most frequently injured 
site (Fig. 35; refs. and ). Other fixed sites are the descending thoracic aorta at 
the diaphragmatic opening, the aortic arch, and the abdominal aorta above and below its 
bifurcation ( i). 

Rupture of the abdominal aorta is uncommon (5% of the frequency of thoracic 
aortic injuries / 95]). This part of the aorta lies in a protected retroperitoneal 
location and is attached to the spine. A fractured vertebra can directly lacerate the aorta. 
Abdominal wall compression raises aortic intravascular pressure. Decelerative forces 
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Fig. 35. Tear of ascending aorta. Great vessels of arch (arrow). 


acting on points of major arterial attachment (e.g., inferior mesenteric artery) and the 
iliac bifurcation can initiate tearing (293). Pre-existent atherosclerosis may be a factor 
predisposing to rupture. Instead of immediate retroperitoneal bleeding, a false aneurysm 
can form. Existing aneurysms can rupture (295). 

Frontal and near-side motor vehicle collisions are associated with an increased 
risk of aortic rupture ( ). The minimum equivalent barrier speed for isthmic and 
descending aorta tears in one study was 54 km/h (34 mph) in frontal collisions and 
31 km/h (19 mph) for side collisions (275). In another study of aortic injury, the mean 
crash severity, expressed as 6V (change in velocity) was 43 km/h or 27 mph (range 
21-68 km/h, 13-42 mph) in near-side collisions and 57 km/h or 35 mph (range 
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21-160 km/h, 13-100 mph) in frontal collisions (284). In another recent study, the mean 
OV was 48.0 km/h (30 mph) in frontal impacts and 36 km/h (24 mph) in side collisions 
(283). Significant intrusion into the occupant compartment is observed in many cases 
(275,296). Occupants in near-side impacts have a higher risk of aortic trauma than those 
involved in frontal and far-side impacts (284). Seat belts and air bags reduce but do not 
eliminate the risk of aortic injury (276,283,284). 


6.5.1. Traumatic Aortic Dissection 


Dissection of the aorta and major branches (e.g., renal artery) has been described 
(293,294,297-300). Dissection can occur in any segment of the aorta. Intimal disruption 
of atherosclerotic plaque may be the initiating event (30/). The determination of whether 
an aortic dissection occurred prior to or resulted from a traumatic incident depends on 
the circumstances and pathological findings. Chest or back pain prior to the incident and 
evidence of aortic degeneration (cystic medionecrosis) favor a spontaneous dissection. 


6.5.2. Aortic Arch Vessels 


Tears and dissections of major aortic arch vessels, as a result of blunt trauma, are 
uncommon (/48,302—306). Stretching or rotational stress from neck hyperextension 
may play a role in this type of injury (302,307). The subclavian artery is well-protected 
by the clavicle and first rib. Fractures of these bones and the presence of a hemothorax 
raises the possibility of a subclavian vessel tear (307-309). 


6.6. Other Major Intrathoracic Vessels 
6.6.1. Main Pulmonary Vessels 


Isolated rupture of the main pulmonary artery, its major branches, or a pulmonary 
vein from blunt trauma is rare (3/0-316). 


6.6.2. Superior/Inferior Vena Cava 


Laceration of the superior or inferior vena cava from blunt trauma is uncommon 
(see Subheading 14.2. and refs. 3/7—32/). Rarely, thrombosis occurs (322). 


6.6.3. Azygos Vein 


The azygos vein runs under the pleura along the right aspect of the thoracic spine. 
At the fourth thoracic vertebra, the azygos vein arches over the pulmonary hilum to join 
the superior vena cava (see Fig. 36 and ref. 323). 

Tearing of the azygos vein from blunt trauma is uncommon but must be consid- 
ered in the differential diagnosis of an evolving hemothorax or hemomediastinum 
(323-327). Most cases have occurred in motor vehicle crashes (326). A survival inter- 
val of several hours, during which there is persistent hypotension despite vigorous 
resuscitative efforts and surgical repair of other bleeding sources, is characteristic 
(323,326). There can be an associated midthoracic spine fracture that can directly tear 
the vein, but most lacerations occur either close to the superior vena cava—azygos vein 
junction or along the azygos vein arch (Fig. 36; refs. 323 and 326). Shearing from decele- 
ration is a proposed mechanism of injury (323,326,328). 

If a right hemothorax is observed postmortem, the azygos vein must be inspected 
in situ after blood is removed from the pleural cavity. If this inspection is not done prior 
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Fig. 36. Azygos vein. (A) Autopsy demonstration of prominent azygos vein (arch-arrow) in 
situ, by pulling right lung medially. (B) Similar in situ inspection of transected azygos vein 
at junction of the arch and descending segment (arrowhead). The vein has been opened (a). 


to removal of the heart and lungs, then this dissection will cut through the site of vein 
laceration. 


6.7. Respiratory Tract 

Motor vehicle impact is the most common cause of tracheobronchial and lung 
injury (. 3]). 
6.7.1. Trachea and Major Bronchi 

Respiratory tract injury is rare, accounting for less than 1% of blunt chest trauma 
in adults (332). Isolated injuries are uncommon (332). Chest compression of the fixed 
trachea at the mediastinal inlet or of a mainstem bronchus against the spine are proposed 
mechanisms (. ). Increased intrabronchial pressure against a closed glottis con- 
tributes (332). The trachea, within 2 cm of the carina, and right mainstem bronchus are 
common injury sites (330 ). 


6.7.2. Lung 

Pulmonary contusion is a very common thoracic visceral injury and is usually 
associated with rib fractures (see Subheading 6.1. and refs. ) /, and ). 
Various injury mechanisms have been described (329 ). A positive pressure 


concussive wave from chest impact overexpands and tears alveoli. Alveolar septae are 
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disrupted when a concussive wave encounters a liquid—gas interface. Inertial stress dur- 
ing sudden deceleration causes low-density alveoli to tear away from supporting 
bronchial structures. 

Most pulmonary contusions heal within 2 wk without complications; however, 
involvement of at least 20% of the lung parenchyma is associated with a high risk for 
adult respiratory distress syndrome (82 vs 22% if <20% volume) and pneumonia (50 
vs 28%; see Chapter 1, Subheading 4.3. and refs. 125, 329, and 335). Another study 
showed that ventilatory support was needed in some cases when 18 to 28% of lung 
parenchyma was contused, and in all cases above 28% (336). 


6.7.3. Hemothorax and Pneumothorax 


Hemothorax and pneumothorax are commonly caused by lung laceration caused 
by fractured rib ends (for technique for postmortem demonstration of pneumothorax, 
see Chapter 5, Subheading 14.8.; Fig. 37; and refs. 1/40, 329, 331, and 334). Shear 
forces account for pulmonary tears away from fracture sites (33/). Other mechanisms 
of pneumothorax include increased intra-alveolar pressure caused by chest impact and 
tears of the tracheobronchial tree or esophagus (/40,331,334,337). Associated sub- 
cutaneous emphysema and pneumomediastinum occur (332,337). Tears from rib 
fractures typically involve the pleural surface and lacerations, caused by other mecha- 
nisms, occur at the hilum (334). Bleeding from a pulmonary laceration can stop, per- 
sist, or recur (329). 


7. DIAPHRAGM 


The incidence of diaphragm laceration caused by blunt trauma is about 2% 
(203,338,339). The most common cause is motor vehicle trauma; and occupants in near- 
side impacts are at greater risk than individuals in a frontal collision (339-344). A 
review of National Automotive Sampling System data from 1995 to 1999 showed a 
greater likelihood of diaphragm injury, if frontal or near-side occupant compartment 
intrusion was more than 30 cm (12 in.) or the velocity change (6V) during impact was 
greater than 40 km/h (25 mph) (345). Injury mechanisms include shear stress on a 
stretched diaphragm, avulsion of diaphragm attachments, and sudden transmission of 
force by abdominal viscera (203,344). 

Various series of diaphragm injury show a left-sided predominance (203,339, 
343,346-348). The right hemidiaphragm is protected by the liver (203,338). Bilateral 
tears are uncommon (203,339,346,347,349,350). Intrathoracic herniation and strangu- 
lation of abdominal organs (e.g., stomach, intestine, omentum, spleen, liver) can occur 
(Fig. 38; refs. 346 and 35/). The pressure gradient between the abdomen and thorax is 
increased by abdominal pressure and maximal respiratory effort; this promotes hernia- 
tion into the chest cavity (203,338). One series showed that herniation occurred through 
defects 10 cm (4 in.) or more (339). Rupture of a hemidiaphragm results in diminished 
ventilation, compounded by a herniated organ compressing a lung (203). Mediastinal 
displacement leads to impaired venous return to the heart (203). Immediate death is 
uncommon (338). 

Diaphragmatic tears are rarely isolated and are usually associated with other 
severe injuries (203,338,339,341—343,347,348,350,352). A significant number of 
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Fig. 37. Pulmonary laceration. 


Fig. 38. Traumatic rupture of diaphragm. Motor vehicle collisions (two cases). (A) Chest 
radiograph. Herniation of large bowel. Bowel gas seen (arrow). (B) Another case shows 
herniation of stomach (arrow) through the torn left hemidiaphragm. 
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uncomplicated diaphragm tears are not diagnosed (203,339). In a literature review, a 
preoperative diagnosis was made in about 44% of cases and at autopsy or thoracotomy 
in 41%. The diagnosis was delayed in about 15%. Diaphragmatic tears rarely heal with- 
out surgical repair (338,339,341). Strangulation of herniated intra-abdominal viscera 
can be a delayed complication (338,347). 


8. ABDOMINAL TRAUMA 


8.1. Gastrointestinal Tract 
8.1.1. Stomach 


Blunt impact of the left anterior torso rarely causes stomach injuries (353). A study 
of 1300 patients who suffered blunt abdominal trauma revealed seven cases of gastric 
trauma (incidence of 0.5% /353/]). Motor vehicle collision is the most common cause 
(see Subheadings 6.2., 14.2. and ref. 353). Gastric injuries are usually associated with 
trauma of adjacent solid organs (e.g., spleen) and the chest wall (353,354). Distension 
from excessive food and liquid favors laceration (353,354). Blunt gastric rupture 
involves any portion of the stomach; there is usually a single site, most commonly the 
anterior wall, followed by the greater curve, lesser curve, and posterior wall (353). 
Depending on the survival interval, pneumoperitoneum and chemical peritonitis are 
sequelae (353). Subcutaneous emphysema and pneumomediastinum occur, if there is 
rupture near the gastroesophageal junction (353). 


8.1.2. Intestine and Mesentery 


Intestinal and mesenteric injuries arise in motor vehicle collisions, and the occu- 
pant restraint system may be a factor (see Subheading 14.2.). The pathologist should 
inspect the mesentery prior to removal of the bowel to appreciate the presence and 
extent of mesenteric tearing (Fig. 39). 


8.2. Liver 


Motor vehicle impact is a frequent cause of hepatic injury (355,356). Hepatic 
injuries are often associated with other injuries (355,357). Right-sided rib fractures are 
not always seen (355). The posterior—superior area of the right lateral lobe is a fre- 
quently injured site (356). Compression of the liver, e.g., by a steering wheel, causes a 
typical bursting injury (Fig. 40; ref. 356). Other patterns of injury include a linear cap- 
sular laceration of variable depth; a hematoma under an intact capsule; and intra- 
parenchymal tearing (Fig. 40; refs. 356 and 358). Injury of major hepatic vessels is 
infrequent. Because of a dual blood supply, liver infarcts are rare (356,359). Delayed 
bleeding (e.g., evolving hematoma) from hepatic injuries can occur hours to days after 
trauma (358,360,361). 


8.3. Spleen 


The spleen is the most common organ injured as a result of blunt abdominal 
trauma, mainly owing to motor vehicle collisions (Fig. 41; refs. 355 and 362-364). 
Splenic injury is frequently associated with other severe trauma (355,363—366). 
Consequent hemoperitoneum is either acute or delayed (363). 
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Fig. 39. Motor vehicle collision. Small bowel (arrow) reflected superiorly in the abdomi- 
nal cavity to reveal a mesenteric laceration (arrowhead). 


Fig. 40. Hepatic lacerations. Motor vehicle collisions. (A) Massive bursting injury. Rib 
cage intact. (B) Intraparenchymal tear. 


McIndoe defined delayed splenic rupture as any case of delayed hemorrhage 
owing to splenic rupture that occurs 48 h after an episode of blunt abdominal trauma 
( ). Two scenarios are possible: delayed diagnosis of an acute rupture or a 
delayed presentation by an evolving splenic injury that eventually ruptures 
( ). 

In the past, the incidence of delayed diagnosis of traumatic splenic rupture ranged 
from 2 to 40% (. 368, 3 377). This was caused by a lack of sophisticated 
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Fig. 41. Lacerations of spleen. 


investigative tools and the reliance on patient symptoms (e.g., left upper quadrant pain) 
and signs (e.g., abdominal wall rigidity), which could be indeterminate and masked by 
other serious injuries, unconsciousness, and intoxication (362,367,368,378). The fre- 
quency of delayed recognition has fallen to 1% because of the deep peritoneal lavage 
technique, which detects intra-abdominal bleeding, and computed tomography (CT) 
scan imaging (368,370,374,376,377,379-381). Even so, hemoperitoneum from acute 
splenic rupture may not be evident if bleeding temporarily ceases because of either 
shock or tamponade. The latter can be from pressure from accumulated clot and adja- 
cent omental fat and viscera, or herniation of abdominal viscera through a torn hemi- 
diaphragm (365,367,368,375,382-384). 

Splenic injuries are graded on the basis of operative findings and radiology imag- 
ing (378). Less severe injuries include subcapsular hematoma, intraparenchymal 
hematoma, and superficial capsular tear. Severe lesions include lacerations extensively 
involving either the spleen or major blood vessels supplying it. Less severe, hemo- 
dynamically stable splenic injuries are managed conservatively (363,378). 

Rupture of an expanding subcapsular—intrasplenic hematoma under an intact cap- 
sule, occurring spontaneously, triggered by minor trauma, or resulting from a slight 
increase in intra-abdominal pressure (straining at stool, coughing, vomiting, bending), 
is the likely reason for delayed presentation (Fig. 42; refs. 367, 370, 371, 350, and 381). 
A subcapsular-—intrasplenic hematoma can be asymptomatic and is not detected by deep 
peritoneal lavage (362,3685,372,379,382,353,385,386). 

Intrasplenic pseudoaneurysms —i.e., ruptured vessels walled off by clot or throm- 
bus, and splenic capsule stripping by traction from peritoneal fibrous adhesions— are 
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Fig. 42. One pattern of delayed traumatic rupture of spleen. Large expansile hematoma. 
Capsular rupture (arrow). 


other causes of delayed rupture ( ; refs. . and 387). Although underlying 
pathology or medical conditions have been implicated in the predisposition of the 
spleen to tear after trauma or spontaneously, no microscopic abnormalities, other than 


caused by the trauma, are usually seen (368,35 -390). 

About 95% of cases of delayed rupture happen within 1 mo of injury, but cases 
have occurred up to 5.5 yr after trauma ( ). During this latent 
period, splenic injuries heal (3¢ 0 ). A traumatic lesion, either failing to 
heal or evolving to a more severe injury, as demonstrated by a repeat abdominal CT 
scan, has the potential for rupture (36. ). 


The force causing rupture of a normal spleen is usually sudden, severe, and con- 
centrated in the left upper abdominal quadrant (367). Being struck by the intruded 
side door is the most common source of trauma in motor vehicle side collisions (395). 
Seat belt loading is a factor in some cases (395). The degree of vehicle crush in a side 
impact cannot always be correlated with the extent of spleen injury (396). One study 
showed that the majority of splenic injuries in restrained and unrestrained occupants 
occurred in vehicles with greater than 30 cm (12 in.) of crush. This study showed that 
restrained drivers of small vehicles are subjected to greater contact with the intruding 
vehicle. The side doors of heavier vehicles provide greater protection. Unrestrained 
occupants can also sustain splenic trauma by steering wheel and instrument panel 
contact (395). 

Although left-sided rib fractures are typically associated with spleen injury, right- 
sided fractures also occur (355,363,368,397). Rib fractures are more likely to occur in 
older individuals (365). Splenic injury with minimal or absent chest wall trauma is 
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Fig. 43. Another pattern of delayed traumatic rupture of spleen. (A) Multiple “micro- 
aneurysms” (arrow). Tracking of blood in parenchyma (arrowhead) resulting in capsular 
rupture. (B) Disrupted splenic artery branch with extravasation of blood (M, micro- 
aneurysm). (Movat stain. Original magnification x100). 


indicative of a viscous organ response, 1.e., rate sensitivity of organ deformation (see 
Heading 1). This response is modified in a soft organ such as the spleen, which is cov- 
ered by a tough capsule and protected by ribs. The result can be an evolving injury with 
delayed consequences. 


8.4. Abdominal Compartment Syndrome 


The normal pressure of the peritoneal cavity is at most atmospheric and varies 
inversely with intrathoracic pressure during respiration (398). Intra-abdominal pressure 
(IAP) is elevated when any type of severe abdominal trauma is associated with massive 
fluid resuscitation, hemoperitoneum, bowel edema, attempted surgical closure of a non- 
compliant abdominal wall, and use of intra-abdominal packing. Circumferential burn 
eschar causes extrinsic compression (see Chapter 4, Subheading 5.2.). Increased IAP 
coexists with increased abdominal girth and obesity. Abdominal compartment syn- 
drome occurs when IAP is associated with organ dysfunction, i.e., reduced cardiorespi- 
ratory and renal function. Most deaths associated with abdominal compartment 
syndrome are from sepsis or multiorgan failure. 


9. RETROPERITONEAL HEMORRHAGE 


The most common source of traumatic retroperitoneal hemorrhage is a pelvic frac- 
ture (399). Associated urinary bladder tears and lacerations of major pelvic vessels are 
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Fig. 44. Retroperitoneal hemorrhage. (A) /n situ demonstration of renal artery laceration 
(arrow). (B) Renal cortical lacerations covered by blood clot. 


encountered (399). Perinephric hemorrhage necessitates an in situ inspection of the 
renal arteries and veins to exclude laceration (Fig ). Renal cortical tears also bleed 
( ). Isolated psoas muscle hemorrhage has been described (400). Retroperitoneal 
hemorrhage, without a recognizable origin, does occur (399). 


10. PELVIS 


The following points require consideration in the biomechanics of pelvic fractures 
( ): 

¢ The pelvis is a rigid ring structure. Instability implies fracture—dislocation at more than 
one site. 

¢ The pelvis is subject to vertical shear and compressive forces. Compression is either 
anterior—posterior or lateral. Forces are inflicted directly on the pelvic wall or indirectly 
(e.g., loading the femur by knee contact resulting in hip dislocation). 

¢ The stability of the pelvis is dependent on the integrity of the posterior weight-bearing 
sacroiliac complex and major ligaments. Classification of pelvic fractures is based on 
the stability of the posterior pelvis. 

Three types of pelvic fractures are recognized: 


Type A: A fracture that either does not involve the ring or is minimally displaced. 

Type B: A fracture that is rotationally unstable but vertically stable (e.g., symphysis 
pubis separation, pubic ramus fracture). Sacral compression fractures are 
included if posterior stability is partly preserved. 
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Fig. 45. Industrial accident: arm pinned in machinery. Victim dead at scene; no other 
injuries. (A) Crushed arm. (B) Postmortem radiograph shows fracture of humerus. 
(Courtesy of Dr. M. Moussa, London Health Sciences Centre, London, Ontario, Canada.) 


Type C: Rotational and vertical instability because of posterior pelvic instability (e.g., 
vertical fracture of the ilium, sacroiliac joint dislocation, vertical sacral frac- 
tures). Posterior pelvic ring trauma is almost always associated with anterior 
ring injury. 

Motor vehicle impact is the most common cause of pelvic fracture (403,407). 
The incidence of pelvic fracture increases in near-side collisions because of contact with an 
intruding door (402,408). About one-fourth of automobile fatalities have pelvic fractures 
(401,409). The majority are type C fractures consistent with severe crashes (401,409). The 
consequent retroperitoneal hemorrhage contributes to the cause of death 
(403,407,410,411). Other injuries are frequent (401,403,406,407, 411-413). 

Externally, there may be visible distension of the abdomen and thigh (404). 
Deformity of the pelvis may be seen or palpated. During examination of the pelvic cav- 
ity, the pathologist can palpate the pelvic ring, taking care to avoid glove puncture. If 
necessary, a postmortem radiograph is more accurate (401,402,404,409,414). Instead 
of the usual anterior—posterior projection, angling the X-ray beams 45° toward the feet 
and head allows better visualization of the pelvic inlet and sacrum, respectively (404). 


11. THE EXTREMITIES 
Lower extremity injuries can assist in distinguishing an upright pedestrian from one 
who is recumbent (see Subheading 14.6.). 


11.1. Tourniquet Syndrome 


A pinned extremity, (e.g., by machinery), can cause death (Fig. 45; ref. 415). Shock 
from hemorrhage and hypoxic metabolites, as well as hyperkalemia, may be factors. 
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12. EMBOLISM 


12.1. Fat Embolism 


Fat embolism (FE) refers to fat in the circulation (4/6-418). Fat embolism syn- 
drome (FES) indicates that FE is associated with pathophysiological effects (4/6—419). 

A broad range of traumatic and nontraumatic conditions have been associated with 
FE and FES (416,417,419-424). 


12.1.1. Trauma 


Fractures (marrow/fat—in bones, particularly long bones of lower extremity and pelvis 
[423]). 

Soft-tissue injury only (425,426). 

Fatty liver injury. 

Severe burns (see Chapter 4, Subheading 4.5.). 

Blast injury (see Chapter 4, Heading 8.). 

Altitude sickness. 

Decompression sickness (see Chapter 5, Subheading 14.4.). 


12.1.2. Surgical Procedures 


Orthopedic procedures. Although the performance of certain procedures (e.g., 
intramedullary nailing) has been implicated in FES, the exact method of fracture fixa- 
tion probably plays a minor role in the development of pulmonary dysfunction 
(418,427,428). 

Liposuction. 

Bone marrow transplantation. 

Renal transplantation. 


12.1.3. Diagnostic/Therapeutic Procedures 


CPR (Table 1). Gross rib/sternal fractures may not be evident despite inspection of 
the chest cavities. Fat embolism occurs in up to 80% of unsuccessfully resuscitated 
individuals (424). 

Intraosseous infusion. One animal study showed no increase in fat embolism when 
intraosseous lines were used during resuscitation (429). The author has observed pul- 
monary fat emboli in unsuccessfully resuscitated infants. 

Long-term hyperalimentation. 

Radiological procedures (e.g., lymphangiogram). 

Cardiopulmonary bypass circulation. 

Long-term corticosteroid therapy. 


12.1.4. Disease and Toxic Agents 


Various medical conditions (e.g., acute pancreatitis, alcoholic fatty liver, hepatic failure, 
acute osteomyelitis, bone infarction caused by sickle cell disease, epilepsy, diabetes 
mellitus, severe infection, hyperlipidemia /430/). 

¢ Carbon tetrachloride poisoning. 


The “mechanical” theory states that disruption of adipose tissue, either 
intraosseous (i.e., a fracture) or extraosseous, allows fat to enter torn veins 
(416,417,42 1-424,427,431,432). If there is a fracture, bone marrow accompanies fat 
emboli (see Subheading 12.2.). Entry of fat/bone marrow may be enhanced by increased 
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intramedullary pressure (4/6,42/,432). “Depot-derived” fat embolism also occurs in 
inflammatory and degenerative conditions (e.g., acute pancreatitis, fatty liver). Fat glob- 
ules vary from 2 to 200 wm (420). Most fat emboli occlude lung vessels less than 
75 wm in diameter (420,421). Widespread occlusion of pulmonary vessels can cause 
rapid right heart failure; however, there is no correlation between the presence and 
amount of intravascular fat, and the severity of the clinical course (423). Smaller fat 
emboli (7-10 ym) can deform, pass through pulmonary capillaries, and enter the sys- 
temic circulation (e.g., brain, kidney /420,422,427]). Systemic embolization implies 
considerable pulmonary fat embolism, but systemic symptoms do occur without lung 
manifestations (4/6,421,422,431). Fat emboli can also reach the systemic circulation 
through intracardiac shunts (e.g., patent foramen ovale) and by pulmonary precapillary 
shunts flowing into pulmonary veins (416,420,422). Lipase activated in the lung breaks 
down the neutral fat present in the emboli (4/7,420-423,431,433). The generated free 
fatty acids (FFA) have histotoxic effects on surfactant-producing type II pneumocytes 
and stimulate inflammation (4/6,42]—-423,427,43 1-433). Adult respiratory distress 
syndrome (ARDS) can follow (see Chapter 1, Subheading 4.3. and refs. 423 and 427). 
The latent period between the time of injury and development of symptoms correlates 
with the generation of toxic FFA (424). Fat emboli may stimulate intravascular coagu- 
lation (434436). 

The “biochemical” theory states that fat droplets arise from the circulation 
(“plasma-derived’’) because of a metabolic response to stress (424,431). Stressful stim- 
uli and consequent catecholamine release mobilize FFA (4/6,417,420,431). The emul- 
sion stability of circulating blood lipids is also altered (426,437). An increased level of 
C-reactive protein, an acute phase reactant, within 24 to 48 h of any tissue damage, 
causes agglutination of chylomicrons and very low-density lipoproteins, forming 
clumps 2 to 35 wm in diameter (4/6,421,422,424,430,438). 

The mechanical theory is favored because the FFA profile of fat emboli resembles 
marrow fat more than circulating plasma lipids (417,420,422,432). 

The frequency of FE ranges from about half to all trauma cases (4/6-421,424). 

FES is uncommon; some reports indicate a direct relationship to the number of 
major fractures (0.25 to 3% incidence in isolated long bone fractures, 10 to 30% in mul- 
tiple long bone and concurrent pelvic fractures) and the delay in their operative stabi- 
lization (416-418,420-423,427,428,435,439). FES is more likely to develop with lower 
extremity and pelvic fractures, and is uncommon following an upper limb injury 
(418,420,422). One review showed that FES occurred more commonly in patients with 
closed fractures, suggesting that because intramedullary bone pressure is lower in an 
open fracture, FE is less likely to occur (418,439). Others have observed the reverse 
(418). The incidence in children is low, because the proportion of hematopoietic ele- 
ments relative to fat in the medullary cavity is higher than in adults, and bone marrow 
fat in children contains less olein, a fatty acid toxic to the lung (420-423,427). The inci- 
dence of FES is not predicted solely on the amount of embolized fat. Other factors such 
as shock, sepsis, and disseminated intravascular coagulation contribute (see Chapter 1, 
Subheading 4.3. and refs. 42/ and 438). FES is a contributory factor in up to 10% of 
trauma deaths (4/8,43/). FES is uncommon in nontraumatic medical conditions. 

FES is usually manifest 6 to 72 h after a pelvic or long-bone fracture 
(416-424,427,428,432,438). About 90% of cases happen within the first 3 d, but FES 
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has been observed up to 2 wk later (420,421). The following clinical features have been 
described: 

e Acute respiratory distress is the most common presentation (417,418, 421,431,432). 
This occurs in 75% of patients with FES, and 10% eventually require ventilatory sup- 
port because of ARDS (417,422,423). 

Cerebral manifestations (confusion, drowsiness, lethargy, convulsions, coma) occur in 
up to 86% of cases and may be the sole manifestation of FES (417,418,422,423). 
Petechiae of the conjunctiva, mucous membranes, and skin, typically on the anterior 
part of the thorax and neck, are seen in up to 60% of FES cases (416-418,420-423, 
432). Distribution on the neck and axilla has been attributed to an accumulation of fat 
droplets in the aortic arch; these are skimmed to the subclavian and carotid vessels 
when the patient is upright (4/6,4/7,423,427). Alternatively, platelet aggregation and 
fragmentation by fat in the lungs cause thrombocytopenia, leading to petechiae (see 
Chapter 3, Heading 1.4. and refs. 4/6, 417, and 431). 

The presentation of FES varies. A fulminant variant occurs suddenly and rapidly 
after injury, resulting in death within a few hours (416,418,419,423). Mechanisms of 
death include respiratory failure and acute right heart failure (4/9). A fulminant course is 
associated with multiple fractures (4/9,42/). Neurological symptoms may predominate 
(418,419). 

Clinically, there are no specific laboratory or radiographic findings (427,428). At 
autopsy, fat emboli are not usually visible (Fig. 46). Examination of hematoxylin and 
eosin (H&E) microscopic slides of lung tissue reveals only clear spaces within vessels, 
and fat emboli may not be appreciated (Fig. 47). Postmortem, fat in the lungs and other 
tissues (e.g., kidney, brain) can be demonstrated (Fig. 47). An oil-red-O stain is used on 
frozen fresh tissue (4/7). Postfixation of formalin-fixed tissue with osmium tetroxide 
demonstrates fat (426,440). 

The decision whether FE contributed to the cause of death is based on the circum- 
stances, supported by clinical signs, and confirmed by histochemical demonstration of fat 
emboli. In cases of sudden death, FE can be considered a cause of death when bone frac- 
tures and soft tissue trauma have occurred and other fatal injuries have been excluded. 


12.2. Bone Marrow Embolism 


Bone marrow emboli to the lungs are indicative of a bone trauma (44/,442). Bone 
marrow embolism from fractured ribs during CPR is a sign of artificial circulation to the 
lungs and occurs in 10 to 50% of cases (Table 1; refs. 157, 167, 172, 173, 176, and 441). 
Bone marrow usually embolizes only to the lungs (Fig. 48; refs. /5/ and 443). Bone 
marrow does not invariably embolize with fat (67). The microscopic finding of bone 
marrow emboli is not always associated with grossly visible trauma (/53,/67,/72). 
Bone marrow emboli in apparently noninjured elderly individuals occur likely from 
microtrauma of osteoporotic bones (443). Pulmonary bone marrow embolism does not 
usually cause detrimental clinical effects unless there is massive occlusion of vessels 
(153,167). 


12.3. Pulmonary Thromboembolism 


Trauma patients are at risk for the development of deep venous thrombosis (DVT) 
and consequent pulmonary thromboembolism (PTE) (444-446). The evolution of DVT 
involves interplay between blood stasis, endothelial injury and hypercoagulability. Risk 
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Fig. 46. Pulmonary fat embolism in a trauma case. Lung cut during autopsy. Numerous fat 
droplets on dissecting board (arrows). (Courtesy of Dr. C. Armstrong, London Health 
Sciences Centre, London, Ontario, Canada.) 
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Fig. 47. Pulmonary fat embolism, microscopic examination. (A) Intravascular vacuoles 
(formalin-fixed tissue H&E. Original magnification x200).(B) Multiple fat emboli (forma- 
lin-fixed tissue, postfixation with osmium tetroxide, original magnification 100). 
(C) Multiple fat emboli (fresh frozen tissue, oil-red-O stain; original magnification x100). 
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Fig. 48. Bone marrow embolus (H&E, original magnification x100). 


factors for DVT and PTE include the type of injury (fracture of a lower extremity or 
pelvis, head or spinal cord injury, vein trauma), age more than 40 yr, a thrombotic pre- 
disposition, prolonged time (>3 d) on a ventilator, coma, an indwelling central venous 
line, and performance of a major surgical procedure (444-451). 

Most cases of DVT start in the calf veins and resolve spontaneously (452). DVT 
can develop in the extremity contralateral to the injury (448). The frequency of asymp- 
tomatic DVT in the lower extremities in trauma cases, as determined by venography, is 
high. A study of 716 patients admitted to a regional trauma unit showed DVT in about 
half of cases of injuries of the head, face, chest, or abdomen, in about two-thirds of pelvic 
and spinal trauma victims, and in more than three-fourths of individuals with femoral and 
tibial fractures (45/). Extension into the proximal veins runs the risk of embolization 
(452). PTE is not necessarily preceded by clinical evidence of DVT (451). About half of 
patients with symptomatic proximal DVT, without PTE symptoms, have ventilation— 
perfusion lung scan findings associated with a high probability of embolism (452). The 
clinical incidence of venous thromboembolic events (DVT, PTE) in admissions to US 
trauma centers was less than 1% in one study (447). Other studies have shown an inci- 
dence of PTE below 1% (445,451). The overall incidence of PTE in a series of pediatric 
trauma patients aged less than 19 yr, as documented in the US National Pediatric Trauma 
Registry, was 0.000069% (1.85% for spinal cord injury /449/). 

Autopsy studies give a skewed perspective of the incidence of DVT and PTE 
(448). DVT has been found in 65% of fatal trauma cases, and PTE caused death in 20% 
(453,454). Young healthy individuals without cardiopulmonary disease can tolerate PTE 
(452). In about 10% of the PTE cases, there is sudden death (452). A large thrombo- 
embolus at the main pulmonary artery bifurcation (saddle embolus) or its main branches 
is usually rapidly fatal (Fig. 49; ref. 455). Smaller emboli filling more than half of sec- 
ondary pulmonary artery branches can also be rapidly fatal (455). 
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Fig. 49. Bifurcation of main pulmonary artery opened to reveal “saddle” thromboembolus. 


At autopsy, the pathologist must open and digitally examine the pulmonary artery 
bifurcation before the heart is removed from the body. If PTE is suspected by palpation, 
then the pulmonary artery can be clamped to prevent dislodging the embolus. The heart 
and lungs are then removed together and the pulmonary artery branches are opened fur- 
ther. Microscopic sections are required for confirmation of thromboembolism. Thigh 
and calf circumferences are compared to assess whether edema secondary to DVT has 
occurred. If there is a difference, then the bilateral femoral and popliteal veins, i.e., 
proximal veins, are opened. This limited dissection may be unproductive because the 
thrombus may have completely dislodged, lysed, or been situated at another site. 


12.4. Other Types of Embolism Associated With Trauma 
12.4.1. Brain 


Severe head trauma rarely results in gross and microscopic pulmonary brain 
emboli and has been reported in birth trauma and adult injury cases (Fig. 50; refs. 
456-462). The incidence varies from 2 to 10 % following severe head trauma (458,459). 
Dural sinus tears are not necessary for cerebral pulmonary embolization to occur (460). 
Brain tissue can also enter cerebral and meningeal veins. 


12.4.2. Liver 


Trauma to the inferior vena cava is associated with severe injuries of the liver 
(463-465). Consequent entry of hepatic tissue into the circulation leads to grossly evident 
emboli in the lungs (463-465). Microscopic evidence of hepatic tissue may not be seen in 
pulmonary vessels, raising the possibility that liver seen in the heart and pulmonary ves- 
sels was pushed there by external force (463). Microscopic emboli to the lungs support a 
vital reaction, i.e., an active circulation at the time of the trauma (Fig. 51; ref. 466). 
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Fig. 50. Craniocerebral trauma. (A) Embolic brain tissue to lungs (H&E, original magnifi- 


cation x200). (B) Embolic brain tissue. Degenerated neurons (arrows; H&E, original 
magnification x400). 


12.4.3. Amniotic Fluid 


Amniotic fluid embolism can be seen coincidentally in a pregnant woman dead at 
the scene from blunt trauma injuries (Fig. 52). Amniotic fluid embolism can progress to 
cardiovascular collapse, respiratory failure, and coagulopathy (417,467-469). Fetal 
squames are seen in pulmonary vessels and sometimes in the systemic vasculature 
(468). They are more likely to be found if pregnancy is advanced. Multiple lung 
sections increase the chance of finding squames. 


12.4.4. Cartilage 


A few case reports describe cartilagenous emboli to the lungs resulting from 
trauma, including closed-chest resuscitation and orthopedic surgery (470,471). 


12.4.5, Air 


Air embolism does occur in trauma (see Chapter 7, Subheading 12.1.) (417,420, 
472). Air enters a vein when it is open to the atmosphere and there is a negative pres- 
sure gradient. Large volumes of air obstruct the right ventricle and pulmonary outflow 
tract, and smaller volumes, lead to blockage of pulmonary arterioles. Systemic air 
embolization is possible through cardiac (e.g., patent foramen ovale) and intrapul- 
monary shunts. 


12.4.6. Megakarocytic Embolism 


Although proposed as an indicator of antemortem skeletal trauma, the finding of 
prominent megakaryocytic nuclei in pulmonary capillaries is part of the normal produc- 
tion of platelets (Fig. 53; refs. 442 and 473). 
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Fig. 51. Hepatic trauma. Embolization of liver tissue to lung (H&E, original magnification 
x200). 


Fig. 52. Pregnant driver in motor vehicle collision, dead at scene from multiple injuries. 
Amniotic fluid embolism to lungs. Fetal squames (cytokeratin positive by immunoperoxi- 
dase technique) in alveolar capillaries (original magnification x200). 
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Fig. 53. Megakaryocytes (arrow and arrowhead) in alveolar capillaries (H&E, original mag- 
nification x50). Inset shows arrowed megakaryocyte enlarged. 


13. RHABDOMYOLYSIS 


Rhabdomyolysis, as a result of muscle necrosis, occurs in various settings, such as 
drug use (e.g., cocaine) and trauma (e.g., blunt trauma, burns, electrocution, hypothermia, 
near-drowning /474—450/). Prolonged compression of a body site can lead to rhabdo- 
myolysis, a possibility that should be considered in a comatose individual (e.g., drug 
overdose, ethanol intoxication /478,481,482/). A clinical picture of renal failure is asso- 
ciated with acute tubular necrosis and myoglobin casts (Fig. 54). Rhabdomyolysis does 
not necessarily result in myoglobinuria (478). 


14. MOTOR VEHICLE COLLISIONS 


The usual types of motor vehicle collisions are frontal impacts, side and side- 
swipe impacts, rear impacts, and rollovers. Motor vehicle trauma is a major cause of 
blunt trauma injuries. Injury patterns and patterned injuries are associated with various 
types of impacts (483,454). Understanding injury mechanisms requires correlation of 
injuries with vehicle dynamics and occupant kinematics (483). This information assists 
in distinguishing driver and passenger injuries (485-487). 


14.1. Frontal Impact 


In a head-on collision, the principal force on the vehicle acts down the axis of the 
vehicle. On impact, an urestrained occupant moves forward until there is contact with 
part of the interior. Occupant contact points can be marked by transfer of blood and 
other tissue from the victim. Interior components are deformed by body contact. The 
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Fig. 54. Rhabdomyolysis—kidney. (A) Myoglobin casts (arrow). Necrotic renal tubule 
(arrowhead; H&E, original magnification x200). (B) Immunoperoxidase technique show- 
ing positive myoglobin reaction in casts (arrows; original magnification x400). (Courtesy 
of Dr. M. Moussa, London Health Sciences Centre, London, Ontario, Canada.) 


occupant’s head and face strike the windshield, A-pillar, or front header (Level I or 
upper-level injuries; see Figs. 20 and 55 and refs. 487-489). Energy is transmitted from 
the skull to the spinal column, where cervical spine fractures can occur. The instrument 
panel and steering column are struck by the torso of a passenger or driver, respectively 
(Level II or middle-level injuries; see Fig. 19; refs. 489 and 490). This can result in con- 
siderable deformation of the steering wheel (Fig. 56; ref. 49/7). The face and anterior 
neck can also strike the instrument panel or steering wheel (492). Damage to the lower 
instrument panel on both sides of the steering column is evidence that the driver’s knees 
loaded the dashboard area. In the unrestrained occupant, the force generated by knee 
contact can fracture the femur and the pelvis (Level III or lower-level injuries /489/). 
Intrusion at floor level (toe pan) leads to foot and ankle injuries irrespective of restraint 
usage (Fig. 57; refs. 405, 487, and 495-496). Intrusion and deformation of the occupant 
compartment increase the possibility of occupant contacts (49/,495,497). Occupant 
contacts can be external (e.g., intruding vehicles, fixed objects). 


14.2. Occupant Restraint Systems 
14.2.1. Seat Belt 


A properly worn seat belt provides varying protection in almost all collision types 
by preventing occupant ejection and by reducing interior contacts, allowing the occupant 
to “ride down” the collision while crash energy is dissipated during vehicle deformation 
(484,457,498-502). To take full advantage of the time duration of vehicle crush, the 
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THE THREE-LEVEL INJURY OF THE DRIVER 


Fig. 55. Levels of injury potentially sustained by an unrestrained driver in a frontal colli- 
sion. The pathologist must be aware that even restrained occupants can be injured by 
intrusion into the occupant compartment. (Reprinted from ref. 489 with permission of 
Lippincott Williams & Wilkins.) 


Fig. 56. Frontal collision; intrusion and deformation of steering wheel. (Courtesy of Road 
Safety and Motor Vehicle Regulation Directorate, Transport Canada.) 
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Fig. 57. Toe pan intrusion. Deformity of ankles owing to fracture—dislocation; laceration of 
left shin. 


occupant must be restrained by the seat belt as early as possible during a crash. In a frontal 
impact, the emergency locking retractor in a seat belt system locks, and as the driver 
moves forward, the belt system is loaded. The lap and shoulder components of the seat 
belt effectively restrain the pelvic girdle and torso, respectively, from moving forward. In 
a seat belt system, most of the stretching occurs in the shoulder belt portion. As a result, 
the occupant’s upper torso pivots over the lap belt. Facial and head injuries are possible, 
even for fully restrained occupants, in severe frontal collisions. Relative seat belt slack 
increases seat belt loading of the occupants. Slack allows greater excursion distances dur- 
ing acrash, which increases occupant contacts with the interior (503). Pyrotechnic preten- 
sioners in new cars eliminate seat belt slack. Load limiters, in conjunction with airbags, 
provide resistance but allow forward excursion to meet the deployed airbag. In rare cases 
of heavy loading, the belt fails, releasing the occupant (500). 

The effectiveness of any restraint system in reducing serious injuries is compro- 
mised in high-severity collisions when there is intrusion into the occupant compartment 
(497-500,504—507). 

Seat belt-associated injuries occur (Table 2). 

Serious visceral injuries from seat belts are uncommon and are usually associated 
with the belt being worn improperly (502,503). Serious injuries are also a reflection of 
higher severity crashes (>48 km/h or 30 mph) and the nature of the collision (e.g., 
rollover increases the possibility of partial ejection and “hanging” in a restraint system 
[499,500,549,550/). The lap part of the belt must be worn on the bony pelvis, and the 
torso belt needs to be positioned across the chest (500,501,515). A lap belt worn higher 
on the abdomen can cause injury. Instead of loading the strong bony pelvis, the load 
is transmitted to the abdominal organs and the lumbar spine. Constitutional factors 
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Table 2 
Seat Belt-Associated Internal Injuries 


Lap belt-related 
Abdominal wall soft tissue disruption (499,501,508—510) 
e Transection of torso (5//) 
Diaphragm tear (secondary herniation of abdominal viscera /5/2/) 
Gastric rupture (353) 
Small and large bowel trauma (contusion, seromuscular laceration, perforation, transection, 
secondary infarction /499,502,505,510,513—521]) 
e Transection of appendix (522) 
Omental tear (499) 
Mesentery injury (contusion, laceration, internal herniation /499,501,502,508,510,515]) 
Pancreas (disruption, inflammation /523/) 
Abdominal aorta trauma (contusion, intimal tear, dissection, thrombosis, secondary 
embolization, acute or delayed rupture with aneurysm /293,294,301,524-530/]) 
¢ Tliac artery (intimal tear /499,531/) 
Inferior vena cava laceration (319,532) 
¢ Renal vein tear 
Kidney laceration (532) 
Lumbar spine fractures (499, 505,510,513,519,520,533) 
Pelvic fractures (499,500) 
Pregnancy-related 
¢ Uterine rupture (499,534-540) 
¢ Fetal demise secondary to: 
o Abruptio placentae (536,538,540-542) 
o Trauma (craniocerebral, other viscera /538-540,543,544 ]) 
Shoulder belt-related 
Atlanto-occipital disolocation (545) 
Cervical spine fractures (all levels including “hangman’s” fracture /499,546-548 /) 
Decapitation (499,548,549) 
Strangulation (499,550) 
Larynx injury (fractures, transection [499,546,548 /) 
Tracheal transection (548,55 ]—553) 
Cervical esophagus perforation (554) 
Chest wall fractures (ribs, sternum, clavicle, chondrosternal dislocation /499,502,555/) 
Thoracic spine fractures (546,547,556,557) 
Thoracic aorta trauma (laceration, transection /275,502,556/) 
Major arteries: 
o Carotid artery (transection, dissection /530,546,551,558,559]) 
o Vertebral artery injury (560) 
© Subclavian artery (intimal tear /555,560/) 
e Innominate artery rupture (56/) 
Heart (contusion, laceration /502,562,563 /) 
Lung (contusion, laceration /502 /) 
Pleura, pericardium (laceration /502/) 
Liver (laceration /502,555/) 
e Avulsion of hepatic veins (499) 
Spleen (laceration /395,499, 502 /) 
Kidney (laceration including renal artery and vein /499/) 
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Fig. 58. Short-statured driver wearing a lap—shoulder belt. Abrasions were noted on the left 
neck. Transected ends of left carotid artery (arrows). 


(obesity, pregnancy) cause the lap restraint to be situated on the abdomen (502,564, 
565). A shoulder restraint on the neck of a short individual can cause injury (Fig. 58; 
ref. 5/5). Seat belt injuries occur in all age groups and are seen with two-point (lap) and 
three-point (lap—shoulder) belts (5/0). Adult seat belts do not provide adequate protec- 
tion for children (530,566). 

Cutaneous injuries are indicative of seat belt use and loading (Figs. 21 and 59). Seat 
belt use is also determined by evidence of loading marks on the belt fabric (567). Skin 
trauma, as a result of inappropriate placement of the belt, constitutes a “seat belt sign” 
and raises the possibility of internal trauma (500,501,515,518,519,521,547,558,568). 
The cutaneous injuries vary and are not always associated with visceral injury (500,50/). 
Conversely, the absence of external trauma—for example, in a heavily clothed occu- 
pant—does not exclude underlying injury (Fig. 60; refs. 499, 50], 5/4, 515, and 568). 
Severe abdominal visceral injuries are more likely with lap-only restraints compared 
with lap—shoulder belts (569). 

Proposed mechanisms of intra-abdominal injury caused by seat belt compression 
include: 

1. Avulsion of fixed structures (e.g., duodenal—jejunal junction, jejunum at ligament of 
Treitz, terminal ileum, transverse-sigmoid colon junction, areas of fibrous adhesion) 
owing to deceleration. 

2. Compression of viscera against the spine. 

. Closed-loop intestinal perforation from localized pressure. 


4. Shock wave effects on hollow and solid viscera from increased intraperitoneal pressure 
(505,515,516,518,521,570). 


ioe) 
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Fig. 59. Front seat passenger. Cutaneous injuries (abrasions) on right neck caused by 
shoulder belt. 


Fig. 60. Lap-belt injury. (A) Lower abdominal wall hematoma seen on abdominal incision. 
Only small scattered cutaneous bruises were observed in the vicinity. (B) Transected loops 
of small bowel. 
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Lap-belt loading tends toward hollow viscus injury (509,5/3). 

Lumbar fractures (“Chance fractures”) from seat belt loading are thought to be 
caused by a lap belt improperly positioned at the umbilicus, allowing hyperflexion of 
the spine (505). Fractures involve the vertebral body and posterior elements, typically 
of the second, third or fourth lumbar vertebra (500,510,533). Compression fractures 
also occur in nonbelted occupants (533). Axial loading during vehicle rotation, multi- 
ple impacts, and “pancake” landings have been associated with lumbar fractures 
(500,533). 

The leading cause of fetal demise in a motor vehicle crash is maternal death (571). 
The best protection for the mother is the use of a restraint system that reduces interior 
contacts, especially in lower-severity crashes (538,542,571,572). Fetal demise does 
occur in lower-severity crashes, and there can be minimal maternal injury 
(539,572-576). Seat belt loading of the abdomen raises pressure in the gravid uterus 
(539). Uterine distortion causes the less elastic placenta to tear, leading to abruptio pla- 
centae (57/). Notably, the spectrum of injuries observed in restrained pregnant 
women— uterine rupture, abruption of the placenta, and fetal injury—are seen in unre- 
strained females (571,572). Associated maternal pelvic and femur fractures occur (577). 

Anterior rib fractures, owing to shoulder belt loading, are distributed asymmetri- 
cally compared with those caused by air bag loading (133,504,578). 


14.2.2. Air Bag Deployment Injury Patterns 


Front air bags supplement seat belts and protect front occupants in moderate to 
severe frontal crashes. The deployed air bag cushions the front seat occupant’s head and 
chest from contact with the steering wheel or dashboard. An air bag is activated when 
there is significant deceleration along the longitudinal axis of the vehicle; and most 
deployments are in frontal crashes (579). The threshold speed for deployment of a 
“first-generation” air bag in a frontal impact is 11 to 25 km/h (7 to 16 mph /579/). Side 
and undercarriage impacts can also trigger deployment (Fig. 61; ref. 579). 

Most air bag injuries are minor (e.g., facial cutaneous trauma /580,58//). Ocular 
injuries and facial fractures have been described (580). Upper extremity fractures occur 
if the driver’s arm is positioned over the air bag module while the steering wheel is 
turned (580). The lower extremities are not protected if the occupant “submarines” 
under the air bag (582-585). 

Because they are pyrotechnic devices, air bags can cause unusual isolated trauma 
by unique mechanisms (580,581,586). An “out-of-position” occupant—i.e., a driver’s 
chest within 25 cm (10 in.) of the steering wheel—is at risk for injury (579,586,587). 
There are multiple factors that predispose a front seat occupant being out of position 
(Table 3; Figs. 62 and 63). 

During the “punch-out” phase —i.e., when the torso of the occupant is covering or 
very close to the air bag module—air bag inflation is blocked (588). If the air bag is 
partly inflated and further expansion is resisted (“membrane-force” phase), then thora- 
coabdominal injuries and head and neck injuries occur (Fig. 64; ref. 588). Because 
forces are being transmitted at high velocity (145 to 328 km/h or 90 to 211 mph), a spec- 
trum of trauma, including blast-type injuries, can result (Table 4; ref. 579). 

When assessing whether an air bag contributed to injury causation, the pathologist 
must realize that, in high-severity crashes, the protective capability of the airbag may be 
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Fig. 61. The driver died in this far-side collision that triggered deployment of the air bag. 


The front seat passenger in the target vehicle survived (see Figs. 63 and 64). (Courtesy of 
Road Safety and Motor Vehicle Regulation Directorate, Transport Canada.) 


Table 3 
“Out-of-Position” Front Seat Occupant: Predisposing Factors 


Large physique-obesity 
Short stature-adjustment of car seat forward to reach floor pedals 
Skeletal conditions (e.g., scoliosis, achondroplasia) 
Driver <5 ft. 4 in. (160 cm) tall 
Other position changes 
Occupant of any age improperly seated, reaching, leaning forward 
Driver slumped over steering wheel owing to drowsiness, medical condition, intoxication 
Forward movement of occupant of any age owing to: 
¢ Pre-impact braking 
¢ Preceding minor (<air bag deployment threshold) impact(s) and exacerbated if manual 
restraint system 
o Not used 
o Slack (heavy clothing contributory); slow lock-up 
© Relaxation of inertia-activated belt after minor impact followed by air bag deployment 
in major impact 
o Improperly worn; lap belt only 
Child-safety seat in right front seat 


Adapted from ref. 586 with permission from the Journal of Forensic Sciences. 
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Fig. 62. Minor collision. Deployment of air bag; driver dead at scene, likely slumped over 
steering wheel because of ethanol intoxication. At autopsy, a laceration of the left main 
pulmonary artery was found. (Reprinted from ref. with permission from the Journal of 
Forensic Sciences.) 
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Fig. 63. Short-statured female driver had her seat positioned forward. (A) The victim was 
also observed leaning forward to better visualize the icy road. Her vehicle skidded into an 
oncoming vehicle and the air bag deployed (see 91). (Reprinted from ref. 579 with per- 
mission from the Journal of Forensic Sciences.) (B) Lipstick impression (arrow) on air bag. 


exceeded because of occupant loading through the air bag ( ). In multiple 
impacts, an air bag may deploy early and not be available to protect the occupant later 
in the crash sequence ( ). 

If there are multiple injured occupants in a collision and the identity of the driver 
is unclear, then examination of the air bag, including swabbing for DNA analysis, 
assists in this determination (645). 
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Fig. 64. A postmortem radiograph demonstrated dislocation of C1-C2 vertebrae (atlanto- 
axial dislocation; arrow) caused by air bag deployment (see Figs. 61 and 63). (Reprinted 
from ref. 579 with permission from the Journal of Forensic Sciences.) 


Table 4 
Fatal and Nonfatal Serious Injuries in Drivers and Front Passengers Associated With Air 
Bag Deployment: Literature Review 


Craniocerebral trauma 
Skull fracture(s), nos* (589-591) 
Base (nos, “ring,” “hinge”) + calvarium? (579,589,592—595) 
Associated vascular tear (cavernous sinus, carotid artery /589,596/) 
Depressed, nos? (589) 
Occiput® (589,597) 
Calvarium only? (598) 
Epidural, subdural/subarachnoid/intraventricular hemorrhage? (589,590,595,597,599-604) 
Brain injury, head injuries, nos® (589,591) 
Maceration? (589) 
Cerebral edema‘ (589,590,598,601) 
Closed head injury’ (579,589,598,605) 
Diffuse axonal injury? (590,603,606) 
Cerebral contusion?’ (589,590) 
Cerebral hemorrhage, nos® (589,594,598) 
Brain stem-cervical spine trauma 
Decapitation or neck transection? (589) 
Cervical spine injury or neck fracture, nos* (589,595) 
Atlanto-occipital or atlanto-axial dislocation’ (579,589,590,594,595,602,604,606—614) 
Other fractures-dislocations (C2 to C7)* (579,589,590,593,594,600,610,615,616) 


(Continued) 
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Table 4 (Continued) 


Brainstem injuries, nos (595) 
Ponto-medullary tear or transection” (602,604,606) 
Medullary hemorrhage/tear/transection (589) 
Laceration or transection, nos® (589,593,595) 
Brainstem or pons contusion/hemorrhage®’ (589,590,600) 
Cervical spinal cord injuries, nos* (589,590) 
Compression, laceration, or transection” (589,590,594,595,607-609,612) 
Contusion? (594) 
Other neck injuries 
Transection or crushing of trachea—larynx® (589,617,618) 
Blunt trauma to neck with asphyxia, neck swelling leading to airway closure, retropharyn- 
geal hematoma, airway compromise owing to cervical spine fractures (589,593,607,619,620) 
Neck injury, nos (589) 
Vertebral artery tear“ (62/) 
Internal carotid artery dissection (622) 
Thoracic injuries 
Massive intrathoracic hemorrhage (589) 
Heart injury, nos (589) 
Laceration of heart or myocardium, nos (589,590,595,623) 
Laceration of atria/ventricles (579,589,595,600,611,623-626) 
Laceration of valve(s), nos (589,595) 
Tricuspid (589,627) 
Aortic (270,628,629) 
Contusions (589,600,611,623) 
Blunt force trauma to the chest resulting in sudden heart stoppage (589) 
Lacerations of great vessels 
Aorta, nos (579,589,595,605) 
Thoracic, nos (589,611) 
Ascending thoracic (589,630,631) 
Arch (589,623) 
Descending thoracic—isthmus (602,625) 
Abdominal (589,632) 
Aortic dissection (589) 
Vena cava 
Superior (589,623) 
Inferior’ (317,594) 
Brachiocephalic artery (intima) (625) 
Pulmonary vein (589) 
Pulmonary artery (579,607,619,633) 
Azygos vein laceration (634) 
Diaphragm rupture (635) 
Lung injuries 
Contusions? (589,590,594,595,600,611) 
Hemorrhage = blast injury (579) 
Lacerations (559,611) 
(Hemo)-Pneumothorax (589,590,594,600,602,636) 
Esophageal rupture (637) 
Multiple rib fractures —crushing chest injury, flail chest (579,589,593,600,623 Jed 


(Continued) 
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Table 4 (Continued) 


Thoracic spine fractures-spinal cord laceration’ (589,594,595,615) 
Abdominal and retroperitoneal injuries 

Lacerations of spleen, liver, pancreas, bowel, mesentery 

(589,593,595,599,600,602,61 1,623,632,638,639) 

Avulsion of kidney? (640) 
Pregnancy-related injury 

Abruptio placentae and fetal death (64/) 

Rupture of placental membranes (642) 

Fetal trauma including blast injury (576,643) 


“Injury described in children also. 
Injury described in children only. 


‘Rib fractures contributing to respiratory failure in 79-yr-old man with lung cancer, belted driver, 
SV = 35 km/h (22 mph). 


4A 74-yr-old female, 220 lb (100 kg), 65 in. (163 cm). 
nos, not otherwise specified. 


(Adapted from ref. 586 with permission from the Journal of Forensic Sciences.) 
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Fig. 65. Multiple minor impacts and deployment of air bag early in crash sequence. 


Steering wheel deformation owing to loading by driver. Aortic transection. (Courtesy of 
Road Safety and Motor Vehicle Regulation Directorate, Transport Canada.) 


14.3. Side Impact and Side-Swipe 


In a frontal or rear impact, deformation of the vehicle absorbs significant collision 
energy and reduces the forces transmitted to the occupant compartment. Other features 
(e.g., energy-absorbing steering column, padded instrument panels) also absorb energy. 
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Fig. 66. Side collision; intrusion of driver’s side door. (Courtesy of Road Safety and Motor 
Vehicle Regulation Directorate, Transport Canada.) 


In contrast, the side of a vehicle has less crushable structure (Fig. 66). As a result, sub- 
stantial forces are transmitted in less severe crashes directly to the occupant compart- 
ment, and intrusion is common, increasing the risk of injury (490,646-649). Being ina 
struck vehicle that has less mass than the striking vehicle increases this risk (648). A 
restraint system is less effective if there is intrusion (648). 

In a side impact collision, an occupant moves laterally toward the side of impact 
and forward, if that is the direction in which the target vehicle was moving initially. 
Contacts with the side window, B-pillar, and interior door are common in near-side 
impacts (Fig. 18; refs. 4 and 650). Occupants, particularly if unrestrained, can be com- 
pletely or partially ejected, contacting the ground, impacting vehicle, or a fixed object 
(Fig. 67; ref. 65). Serious head injuries can result if there is intrusion (65/). In far-side 
impacts, unrestrained occupants can be displaced across the vehicle and injure 
restrained occupants (652,653). Restrained occupants sitting on the far side can also 
contact the opposite side interior and other occupants or be injured by their seat belts 
(651,654). A far-side occupant can come out of the shoulder part of a restraint (65/). 
For individuals in far-side collisions, the presence of a near-side occupant mitigates 
injuries from contact with the opposite side interior (651,654). 

Injuries from side impact collisions have a different pattern from those caused by 
frontal impacts. Head, neck, chest, and abdominal injuries are common in near-side 
impacts (4,647). Intrusion of the vehicle roof or B-pillar often leads to severe trauma 
directly to the head, a major contributor to death causation (650,655). Lateral impact to 
the torso is very common, producing multiple rib and pelvic fractures on the side of 
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Fig. 67. Side collision; intruding truck. Arrows indicate head contact by motor vehicle occu- 
pant. (Courtesy of Road Safety and Motor Vehicle Regulation Directorate, Transport Canada.) 


intrusion (495). Severe thoracic, abdominal, and pelvic visceral trauma occurs 
(490,646). Head and torso injuries dominated in one study of far-side collisions (654). 

A side-swipe crash occurs when a moving vehicle glances off another vehicle or 
fixed object. Injuries to occupants occur when there is either intrusion into the passen- 
ger compartment or significant energy transfer through the stiff vehicle structure. These 
injuries resemble those of the near-side impact crashes. 


14.4, Rear Impact 


High-velocity impacts into the rear of an automobile are not common. Intrusion of 
the striking vehicle into the passenger compartment causes impact injuries to persons 
riding in the rear of that vehicle. Failure of the front seat back allows it to collapse into 
the back of the vehicle, leading to crushing injury of rear seat passengers and possible 
rearward ejection of front seat occupants. 


14.5. Rollover 


A rollover collision is a complex sequence of events occurring at high velocity 
(>65 km/h or 40 mph) and is usually precipitated by a loss of control (656). There are 
different types of rollover collisions (657): 

e Trip-over. This is the most common type. The lateral motion of a vehicle is suddenly 
slowed as the vehicle’s wheels contact a surface (e.g., gravel). 

e Fall-over. The center of gravity of a vehicle causes it to tilt down a slope. 

e Flip-over. The vehicle’s side is lifted by an elevated surface (e.g., guardrail). 
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Fig. 68. Rollover; partial ejection of driver and head contact with edge of roof. Blood on 
roof (arrow). (Courtesy of Road Safety and Motor Vehicle Regulation Directorate, Transport 
Canada.) 


¢ Climb-over. The vehicle actually passes over a fixed object (e.g., guardrail). 

¢ Bounce-over. The vehicle rebounds off a fixed object. 

¢ Turnover. Centrifugal forces on a sharp turn or rotation, particularly when the vehicle 
has a high center of gravity, causes tilting. 

¢ Collision with another vehicle. 

e End-over-end. This is the least common. 


During vehicle rollover, kinetic energy is dissipated progressively over time and 
distance. The impact forces in rollover are spread over several surfaces of the vehicle. 
Survival is enhanced if occupants are restrained and not ejected (484,658,659). 
Occupants can be ejected through side windows (closed or open), the windshield, doors 
that were originally closed but forced open by the crash, and the sunroof (658). Side 
window ejections are most common in fatalities. Closed windows can disintegrate sec- 
ondary to crash forces. A person partly ejected during a rollover can also be injured if 
trapped between the vehicle and the outside (658). 

Head and thoracic injuries are common (657). The former is the result of roof and 
pillar contact; the latter from interior contacts (Figs. 68 and 69; refs 656 and 657). 
Although an intruding or buckled roof may cause craniocerebral trauma, most such 
injuries are caused by ejection (656). Depending on the direction of vehicle rotation, 
side of initial roof impact with the ground (i.e., side opposite to the direction of 
rollover), and occupant number, location, kinematics, and seat belt use, head injury 
results from contact with either the vehicle interior (e.g., roof pillars, roof), vehicle exte- 
rior (e.g., roof), or the ground (Fig. 70; refs. 656 and 657). Occupants can be displaced 
across the vehicle (656). Some victims trapped in their vehicles may succumb from 
positional asphyxia (see Chapter 3, Subheading 3.7.; Fig. 63; and ref. 660). 
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Fig. 69. Rollover; restrained driver found dead in vehicle. (A) Triangular right parietotem- 
poral skull fracture documented at autopsy. (B) Corresponding right scalp laceration 
caused considerable blood spatter on roof interior. Driver had been partially ejected on 
initial roof impact on the driver's side and was found in her seat (see Fig. 70D). (Reprinted 
from ref. 656 with permission from the Journal of Forensic Sciences.) 


PASSENGER CAR - ROLLOVER 


4 Front of Car 
Car Rolled Over O-f-O8 


£3 Side of Initial 
Impact 


IO 
O 
(ary, 
3 
D Driver = ZA 
pacer" iS a 
x Other Occupant 
ORestrained 
aS) 
fa] fe | 
A 
D 
B 


—Ejection cr 7 
if 
a 
A 


ie) 
ID 


Fig. 70. Passenger car rollovers; observed rollover events leading to ejection of driver. 
Estimated speeds =>100 km/h (60 mph). (A) Driver, unrestrained and sole occupant. 
Clockwise rotation, initial impact of rolled car on passenger side, driver ejected through 
left front window. (B) Driver, unrestrained and sole occupant. Counterclockwise rotation; 
driver shifted to passenger side. Initial impact on driver's side; driver ejected through right 
front window. (C) Driver, unrestrained. Right front passenger (with/without restraint). 
Counterclockwise rotation; driver either ejected completely through left front window 
early in rollover or partially during initial impact on driver's side. (D) Driver, restrained. 
Counterclockwise rotation; partial ejection on impacted (driver’s) side of vehicle (see 
Fig. 69). (Reprinted from ref. 656 with permission from the Journal of Forensic Sciences.) 
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MOTOR VEHICLE(FRONTAL) — PEDESTRIAN COLLISIONS 
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Fig. 71. Kinematic trajectories observed in motor vehicle (frontal)-pedestrian collisions. 
(Reprinted from ref. 656 with permission from the Journal of Forensic Sciences.) 


14.6. Pedestrians 
14.6.1. The Upright Pedestrian 


When faced with a pedestrian fatality, the pathologist needs to address other issues 
in addition to determining the cause of death: 

e Was the pedestrian upright when struck? 

e Is there evidence of intoxication? One study indicated that intoxicated pedestrians 

sustain more severe injuries (66/). 

Frontal impacts are the most common type of collision involving pedestrians (662). 

Various kinematic trajectories occurring in frontal motor vehicle—pedestrian colli- 
sions have been described (Fig. 71; refs. 656, 662, and 663). 

Initial vehicle impact with an upright adult pedestrian can lead to “bumper” frac- 
tures, typically of the tibia and fibula (664-666). Fractured bone ends typically splay 
outward, stretching and even tearing overlying skin (Fig. 72). The impact site on the 
opposite side may not be visible, but soft tissue hemorrhage is revealed by skin inci- 
sion (Fig. 73; ref. 665). The distance from the sole of the foot to the fracture site is an 
approximate indication of bumper height at the time of impact. Radiographs confirm 
visible or palpable fractures and also demonstrate fractures that are inapparent exter- 
nally. The fracture may consist of a wedge-shaped bone (“butterfly” fracture or 
“Messerer’s wedge;” see Fig. 74). The apex of the wedge has been described as point- 
ing in the direction of vehicle travel, but the opposite has been observed (667-669). 
Femur fractures occur from hood or ground contact (670). Amputation is possible 
(664,665,671). Bumper fractures can be absent, affect one leg in more than one site, or 
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Fig. 72. Cutaneous injuries on shin caused by dislocation of fractured bone ends opposite 
to bumper impact. (A) “Stretch” abrasions and small laceration. (B) Large laceration with 
visible fracture of tibia. 


Fig. 73. Bumper contacts on legs. (A) Contusion, popliteal fossa. (B) Another case show- 
ing a soft tissue hematoma as evidence of bumper contact. This injury was demonstrated 
only by incision. There was no visible cutaneous contusion. 
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Fig. 74. Pedestrian struck by car. Wedge-shaped fracture of tibia (arrow). (Courtesy of 
Dr. E. Tweedie, London Health Sciences Centre, London, Ontario, Canada.) 


involve both legs (672). Leg impact in an upright individual can cause “bone bruises” 
demonstrated in cross-sections of the fibular and tibial epiphyses ( ). Knee 
injuries can arise from flexion/hyperextension and dislocation, which lead, respec- 
tively, to condylar compression of the tibia and avulsion of knee ligaments. Bone 
bruises caused by the former mechanism are large and central, whereas avulsion leads 
to smaller more peripheral injury. Ankle-joint injuries (e.g., malleolar fractures), aris- 
ing from pronation, supination, or flexion, also indicate an upright position (669). Like 
knee-joint injuries, the mechanism and consequent location of ankle-joint trauma is 
dependent on the direction of impact (665,666,669). Other indications of an upright 
position include traces of car paint on the legs and abrasions on shoe soles (664). 
Abrasions on toes may indicate forceful contact within a shoe following leg impact 
( ). 

Secondary impact with the hood edge or headlight assembly can cause pelvic and 
hip injuries (F ; ref. 670). Cutaneous “stretch” abrasions in the inguinal—femoral 
area are indicative of these fractures (F ). The wrap trajectory is most common 
(F ; refs. and 673). When a decelerating vehicle hits an adult pedestrian it 
causes the upper body to bend over, striking the hood (Fig and 78). When the vehi- 
cle stops, the pedestrian hits the ground (674). Children, because of a lower center of 
gravity, frequently have head injury because of contact with the hood edge (F : 
refs. 575, and ). Children tend to run out between parked cars or are backed 
over in the home driveway (675,677). The roof vault trajectory is associated with the 
most severe pedestrian injuries. A vehicle traveling at high speed lifts a pedestrian onto 
the hood, onto or over the windshield, roof, and even the trunk (Fig ; ref. 656). 
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Fig. 75. Abrasions on toes of upright pedestrian from forceful rubbing against shoes after 
the pedestrian was hit by a vehicle. 


Fig. 76. Pedestrians struck by vehicle. Pelvic fractures resulting from “secondary” impact 
with hood edge. (A) and (B) Examples of “stretch” abrasions in inguinal-femoral region. 


Forward projection most commonly occurs in children and in adults hit by trucks and 
vans (¢ ). Compared with pedestrians struck by passenger cars, those 
struck by sports utility vehicles, light trucks, and vans at lower impact speeds 
(=30 km/h or 19 mph) were more likely to have severe injuries and die. 


Head injuries are common in pedestrian cases (673,674,676). Hyperextension of 
the neck causes upper cervical spine dislocation (atlanto-occipital level, C1—C2, 
C2-C3) and isolated brainstem injury (Fig. 81; ref. 679 and 650). Associated tears of 


basal blood vessels (e.g., basilar artery) can occur (680). Hemorrhage into the lower 
insertions of the scalene and sternocleidomastoid muscles has been shown to correlate 
with the direction of force (65/). The pathologist must be aware that brainstem lacerations 
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Fig. 77. Skull fractures observed in certain pedestrian-car collisions reflect the kinematic 
trajectories of the impacts (scenarios A-C; see Figs. 78-80). (Reprinted from ref. 656 with 
permission from the Journal of Forensic Sciences.) 


Fig. 78. Scenario B (see Fig. 77). (A) 20-yr-old male hit by car going about 35 km/h 
(22 mph). Contacted hood of vehicle (arrow). (Reprinted from ref. 656 with permission 
from the Journal of Forensic Sciences.) (B) Large abrasion, left forehead (“contact point”). 


(e.g., pontomedullary tears) can be subtle. Vigorous tugging of the brain, after removal 
from the cranium, can create an artifactual tear at this site. 

A study of frontal motor vehicle—pedestrian collisions determined relationships 
between impact velocity and the resulting injury pattern (652). A correlation between a 
minimum impact velocity and the occurrence of certain injuries has been observed: spinal 
fractures (27.5 km/h or 17 mph); thoracic aortic rupture combined with a thoracic spine frac- 
ture (63 km/h or 39 mph); inguinal skin tearing (66 km/h or 41 mph); and dismemberment 
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Fig. 79. Scenario A (see ). Two-yr-old female. Head contact with hood edge (arrow) 
of a car traveling about 50 km/h (30 mph). (Reprinted from ref. 656 with permission from 
the Journal of Forensic Sciences.) 


Fig. 80. Scenario C (see Fig ). A 29-yr-old male was hit by a car traveling 80 km/h (50 
mph). Contacted hood, windshield, and roof of vehicle (arrows). (Reprinted from ref. 
with permission from the Journal of Forensic Sciences.) 
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Fig. 81. Impact of motor vehicle with pedestrian’s lower body (“secondary” impact) causes 
high-intensity shear forces at the high cervical spine. (Reprinted from ref. 679 with per- 
mission from the Journal of Forensic Sciences.) 


of neck, trunk, or limb (98 km/h or 61 mph). Leg fractures from bumper impact occurred 
in the range of 18.5 to 142 km/h (12 to 88 mph) but was absent in some cases (highest 
impact velocity = 67 km/h or 42 mph). 

During the autopsy, police investigators may document various body measure- 
ments that will assist them in determining the victim’s center of gravity and consequent 
trajectory. 


14.6.2. Recumbent Pedestrian 


Pedestrians who are lying on the road and run over by motor vehicles do not have 
bumper fractures. The exception is an individual who is hit initially while standing, then 
is run over repeatedly by other cars. Hip dislocation and pelvic injuries can be observed 
(665). Patterned injuries from the undersurface of the vehicle and pressure marks from 
clothing can be observed on the skin (Figs. 23 and 82; ref. 683). There may be consid- 
erable external trauma caused by the grinding from the road surface and the wheels. 
Clothes can be torn extensively (683,684). Markings from the car undersurface may 
transfer to clothing. Skin may separate from the subcutaneous fat, and amputation of 
limbs is possible (Fig. 83; ref. 665). Detachment of skin also occurs if an upright per- 
son is struck tangentially (665). Dragging and scraping may produce extensive “brush 
burning” (Fig. 2; refs. 683 and 685). Blackened abrasions may reflect thermal effects 
caused by friction (686). This is seen on bony protuberances (skull, joints, ribs 
[653,685/). Internal organs can be exposed (653,684). Bone grinding can occur (Fig. 83; 
ref. 653). Neck compression leads to fractures of the larynx and hyoid bone (Fig. 84; 
Chapter 3, Fig. 30; ref. 687). Ocular petechiae occur if there is chest compression. Severe 
compression results in tearing or avulsion injuries of viscera. Hemorrhage into the sites 
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Fig. 82. Pedestrians run over. (A) Tire-tread marks on pants. (Courtesy of the Office of the 
Chief Medical Examiner, Chapel Hill, NC.) (B) Abrasions on torso from tire treads. 


Fig. 83. Pedestrians run over and dragged. (A) Lower extremities. Avulsion injuries; ampu- 
tation of right foot. (B) Left foot. Abrasions of bones due to grinding. 


injured by dragging indicates antemortem injury (653). Aspiration of dirt is another sign 
the individual was alive while being dragged (653). Ethanol intoxication is commonly 
present in recumbent pedestrians (664). 
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Fig. 84. Run-over. Transection of larynx. 


14.7. Motor Vehicles: All Manners of Death 


Although most cases of fatalities involving motor vehicles are caused by acci- 
dents, the pathologist must be aware that other manners of death do occur 
(454,688,689). Natural deaths of drivers behind the wheel (e.g., myocardial infarction 
or heart attack) do happen. Drivers may have warning symptoms that allow them to take 
appropriate actions to prevent serious injuries to themselves and others (690-693). 
Some drivers lose consciousness before the vehicle stops (693). The trauma in this sit- 
uation is insufficient to account for death (693). Implanted heart rhythm devices can 
assist in determining the events preceding death (694). The pathologist must assess 
either the role of disease in accident causation or trauma exacerbating disease (695). 
Although many deaths from accidents occur shortly after the incident, some deaths are 
delayed due to various complications (see Chapter 1, Heading 11.). Some injuries sus- 
tained during an accident may mimic a homicide (Fig. 85). Other forms of accidents can 
occur in association with motor vehicles (e.g., carbon monoxide poisoning owing to 
faulty exhaust system; see Chapter 3, Subheading 3.9.1.). Acute intoxication by ethanol 
and other drugs, alcoholism, and psychiatric impairment increase the risk of motor 
vehicle collision (696,697). A motor vehicle may also be used as an instrument of sui- 
cide (697). A driver may deliberately drive either off the road (e.g., into a fixed object, 
another vehicle, water) or from a height (553,659,697—700). In these instances, there is 
an absence of skidmarks, indicating that braking did not occur, and an accelerator 
imprint may be present on the shoe sole (Fig. 86; refs. 483,685,689,697, 701, and 702). 
Acceleration may be witnessed. A vehicle may be deliberately stopped on railroad 
tracks (see Heading 15). A pedestrian may step in front of a vehicle. An individual can 
deliberately be asphyxiated with carbon monoxide (e.g., running engine in closed 
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Fig. 85. Suspicious laceration of neck of truck driver, alone while driving on an interstate 
highway. Vehicle observed veering off road. Origin of injury in occupant compartment 
possibly from broken glass. (Courtesy of the Office of the Chief Medical Examiner, Chapel 
Hill, NC.) 


Fig. 86. Brake pad imprint on sole of deceased's driver’s right shoe indicating braking prior 
to impact. 
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Fig. 87. Motor vehicle-train collision. 


see Chapter 3, Subheading 3.9.1., Fig. 66; refs. 698 and 699). Unusual suicides 


(e.g., gunshot injury, self-immolation, hanging) arouse suspicions (Chapter 4, Fig. 1; 
refs. 698, 699, 701 and 703—705). Homicides can be committed using a motor vehicle 
(563). An individual may be deliberately run over by a vehicle. The more common sit- 
uation is “hit-and-run.” Trace evidence collection, in these cases, is imperative 
(706,707). Homicides can masquerade as accidents (Chapter 4, Fig. 3). 


15. RAILROAD-RELATED DEATHS 


A railroad-related death is defined as a death that either occurred or was discov- 
ered on railroad property, including railroad cars, tracks, and right-of-way (708). 
Various scenarios have been described, and all manners of death occur (7085-713): 


Motor vehicle-train collisions (Fig. 87). 

Vehicles can stall or deliberately stop on the tracks. Drivers may be unaware of a train 
when driving through an unprotected crossing. Drivers ignore or bypass crossing gates. 
Pedestrian—train collisions. 

Individuals are found on or near railway tracks. Unwitnessed deaths arouse suspicion. 
In witnessed cases, pedestrians are observed lying or sitting on the tracks, walking on 
or near the tracks, bypassing a lowered crossing gate, or jumping in front of a train. 
Alcohol and other drugs are significant factors in accidental deaths, particularly in indi- 
viduals lying on the tracks (708,710,712,714—716). Suicide victims may have a psychi- 
atric history (709). 

Train passengers. 

Legitimate passengers and trespassers can fall from a train or be crushed between 
rail cars. Derailments occur. An individual murdered on a train may be thrown onto 
the tracks. 
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Fig. 88. Motor vehicle-train collision. The driver sustained multiple injuries. 
Cholangiocarcinoma of liver-an unsuspected finding discovered at autopsy. 


Se 


Fig. 89. Pedestrian-train collision; suicide. (A) Decapitation; extensive abrasions and 
adhered dirt on back. (B) Amputated foot. 


In all circumstances, the postmortem examination needs to exclude pre-existent 


disease as a cause of death or as a contributing factor to the incident (] ; ref. ). 
The cause of death, in most cases, is obvious multiple blunt trauma ( : 
5). Most victims are male (7/5 ). Traumatic amputations are more 


frequent in pedestrians compared with motor vehicle occupants (Fig ; refs. : 
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Fig. 90. Pedestrian-train collision; suicide. Transection of abdomen. 


714, and 717). Although traumatic amputation is considered less likely in upright 
individuals, these persons can be propelled onto the tracks after being hit (7/3). 
Others have observed no distinguishing injury pattern in different types of railway 
deaths (7//,7/7). A pedestrian struck by a high-speed train sustains massive cranio- 
cerebral trauma, opening of body cavities, exenteration of organs, and dismember- 
ment, including the trunk (Fig. 90; ref. 7/3). Decapitation is usually noted in suicide 
but can occur in high-speed collisions (Fig. 89; ref. 709, 7/3, and 7/6). Adhered dirt 
and grease on the body indicates that a pedestrian has been struck by a train (Fig. 89; 
ref. 773). 

Because of extensive disruption of a body caused by train impact, a murderer 
may attempt to conceal a homicide by dumping the victim on railroad tracks (708, 
709,711,716). Other types of injuries, aside from blunt trauma, may be seen (7/0). 
Train impact usually causes instantaneous death; however, bleeding associated with 
the observed blunt injuries indicates antemortem trauma (708). Extensive hemor- 
rhage associated with scalp injuries and craniocerebral trauma is suspicious 
(709,716). 


16. LIGHT AIRCRAFT 


Light aircraft include general aviation aircraft (single or multiengine piston-powered 
planes with a maximum take-off weight less than 5700 kg or 12,500 lb), gyroplanes, 
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Table 5 
Comparison of Injury Frequency in Studies of Light Aircraft Fatalities 
Ontario study? % (n) Reals et al.’ % (n) Stevens® % (n) 
Fracture(s) of 
Skull 53 (20) 70 (104) 67 (63) 
Facial bone(s) 55 (21) 7 48 (45) 
Spine: 
Cervical 29 (11) 13 (19) 12 (11) 
Thoracic 8 (3) 12 (18) 23 (21) 
Lumbar 5 (2) 10 (15) 18 (17) 
Rib(s) 63 (24) 56 (83) 63 (59) 
Extremities: 
Upper 42 (16) 63 (94) 56 (52) 
Lower 71 (27) 74 (110) 73 (68) 
Pelvis 21 (8) = - 
Visceral trauma 
(laceration/contusion) 
Brain 39 (15) 53 (78) 56 (52) 
Brainstem@ 13 (5) = = 
Cervical cord¢ 16 (6) = = 
Lungs 66 (25) 34 (50) 36 (33) 
Heart 53 (20) 34 (51) 35 (33) 
Aorta 34 (13) 23 (34) 39 (36) 
Liver 47 (18) 49 (72) 35 (33) 
Mesentery 13 (5) - - 
Gastrointestinal tract 18 (7) — - 
Spleen 29 (11) 41 (61) 34 (32) 
Kidney?’ 18 (7) 19 (28) 23 (21) 


Based on autopsy findings seen in: 

“38 trauma victims (25 pilots, 13 passengers); 27 died of multiple injuries and 11 of head and neck 
trauma only (7/7). 

5148 fatalities (pilots/passengers not specified /723/). 

°93 deaths (70 pilots, 23 passengers /724/). 

“Tncludes transection. 

‘Includes perinephric hematoma, vessel lacerations. 

(Adapted from ref. 7/8 with permission from the Journal of Forensic Sciences.) 


ultralights, and gliders (7/S). Communication between the pathologist and various 
police and transportation investigators is essential to determine the cause of death, the 
cause of the crash, and the cause of the observed injuries. A complete autopsy must be 
done (7/9). Multiple trauma is the most common cause of death (Table 5; refs. 720 and 
721). Injuries can be extensive (722). 

Chest wall fractures are the most common type of musculoskeletal trauma. 
Fractures of the upper and lower extremities indicate control-stick and floor impact 
trauma, respectively (Fig. 91; ref. 725). The possibility of incapacitation by disease or 
intoxication needs to be assessed (7/8). 
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Fig. 91. Pilot. Fatal crash. Right hand deformity caused by wrist fracture; control column 
injury. (Courtesy of Dr. M. Joseph, London Health Sciences Centre, London, Ontario, 
Canada.) 
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Chapter 9 


Craniocerebral Trauma 
and Vertebrospinal Trauma 


Summary 

Trauma to the head and vertebral column results in focal or diffuse injuries affecting the skull and 
brain (“craniocerebral injuries”) or the vertebrae and spinal cord (“vertebrospinal injuries’). Focal 
injuries include: fractures; hematomas on either side of the dura (epidural hematomas and subdural 
hematomas); bleeding in the subarachnoid space; hematomas in the brain or spinal cord; bleeding in 
the cerebral ventricles; tears and fragmentation of central nervous system tissue (contusions and lacer- 
ations); and infarcts. Diffuse traumatic injuries include: brain swelling; diffuse or traumatic axonal 
injury; hypoxic—ischemic encephalopathy; widespread vascular injury. In many cases several different 
types of craniocerebral and vertebrospinal injuries coexist and their pattern may indicate the type of 
trauma that resulted in the injury. Craniocerebral and vertebrospinal injuries cause distinctive “syn- 
dromes” that may allow the pathologist to predict the type of neurological damage that will be encoun- 
tered before an autopsy starts. These syndromes include patients who conform to the following states: 
“dead at the scene;” display a lucid interval between injury and death; coma from the time of injury; 
vegetative state; severe disability; moderate disability; minor disabilities; complete recovery after an 
injury; isolated quadriplegia or paraplegia. 


Key Words: Brain injuries; brain edema; hypoxia—ischemia, brain; craniocerebral trauma; dif- 
fuse axonal injury; intracranial hemorrhage, traumatic; pituitary trauma; shaken baby syndrome; 
skull fractures; spinal cord injuries; spinal fractures. 


1. INTRODUCTION 


Traumatic brain injury (TBI) is acommon cause of death (18 per 100,000 popula- 
tion per year in the United States ///), and most of these injuries are caused by motor 
vehicle accidents, falls, or assaults of various types. Accordingly, autopsies on cases of 
cranial, vertebral, and central nervous system (CNS) trauma are frequently performed. 
The examination of the CNS and its protective bone and soft tissue enclosures in these 
cases is concerned with a search for abnormalities that suggest, confirm, or prove that 
forcible injury to the CNS has occurred. The gross and microscopic characteristics of any 
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abnormalities that are found, including those in the skin and soft tissues surrounding the 
brain and spinal cord, are used to infer, and make some general statements about, how 
force was applied, what the magnitude of the force was, and the degree to which the force 
disrupted CNS function. Such inferences and generalizations allow conclusions to be 
drawn about whether or not the injuries,with respect to the cause of death, were inciden- 
tal, contributory, causal, or of undetermined significance. 
CNS injuries in a given case commonly occur as consequence of one—or, more 
typically, more than one—of the following: 
e Direct impact to the head. 
¢ Rapid change in velocity or trajectory of the head with or without a head impact. 
¢ Deformation of the atlanto-occipital junction and vertebrae beyond “normal” or physio- 
logical limits. 
¢ Objects that penetrate (i.e., enter but do not exit) or perforate (i.e., pass through) the cra- 
nial cavity or spinal canal. 


The effects of these forces on the CNS are particularly complex, compared with 
their effects elsewhere in the body, for many reasons: 

¢ The functional consequences of small injuries may be disproportionately large. 

¢ The pathological processes caused by traumatic injuries, which are readily dealt with 

by natural or medical means when they occur in other organs, are debilitating or fatal. 
¢ The brain is suspended in meninges and cerebrospinal fluid (CSF) so it can, for a brief 

period, move independently of the skull or remain at rest when the skull starts moving, 

creating injuries because of differential movement between bone, dura, and brain. 

¢ The anatomy of the atlanto-occipital junction and of the cervical vertebral column 

allows complex movements of the head in the coronal, horizontal, and sagittal planes 
and therefore differential movement of one part of the brain in relation to another part 
of the brain. 

e Injured nerve cells and axons demonstrate specific changes that do not have an equiva- 

lent outside the nervous system. 

Injuries to the cranium and brain (i.e., craniocerebral injuries) and to the vertebrae 
and spinal cord (i.e., vertebrospinal injuries) are either primary, in the sense that they 
are caused directly by the forces of trauma (breaking, tearing, and stretching of tissue, 
paralysis of axonal transport, and, possibly, the functional effects of percussion) or sec- 
ondary, in the sense that they are a consequence of the primary injury (i.e., hemorrhage, 
ischemic injury, inflammation, swelling). Some secondary injuries occur almost instan- 
taneously (e.g., hemorrhage as a consequence of tearing of tissue), whereas others 
evolve over hours to days (e.g., delayed hemorrhage, inflammation, brain swelling, and 
axonal swelling secondary to paralysis of axonal transport or tearing of axons). Primary 
and secondary injuries to the CNS are “focal” or “diffuse” in the sense that they are 
localized or widespread, respectively (the latter often with a multifocal distribution as 
opposed to a truly diffuse distribution). 

The effects of mechanical forces on the CNS and its coverings are no different, in 
many respects, from the effects of similar forces on other areas of the body, their differ- 
ent functional consequences notwithstanding. When examining cases of suspected CNS 
trauma, it is useful to remember that injuries occur at sites where energy, in one form or 
another, has been absorbed and, to a greater or lesser extent, dissipated and that the 
effects of dissipation of energy are likely to generate multiple neuropathological 
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findings. For example, when the head strikes a hard surface after a fall backward, 
several injuries are expected, either immediately or within hours, including a fracture of 
the occipital bone; fronto-orbital contusions; focal traumatic axonal injury in the corpus 
callosum; brain swelling; and hypoxic ischemic neuronal injury in and around the con- 
tusions and, as a consequence of brain swelling, in “nonvascular” territories (i.e., in a 
complex distribution that does not correspond to the areas of distribution of the cerebral 
and penetrating arteries). 

Craniocerebral and vertebrospinal injuries include: 

¢ Scalp lacerations and contusions. 

¢ Perivertebral soft tissue contusions. 

e Skull fractures. 

¢ Vertebral dislocations and fractures. 
Perimeningeal (epidural, subdural, subarachnoid) hemorrhages. 
Brain and spinal cord contusions, lacerations, tears, and hemorrhages. 
¢ Intraventricular hemorrhage. 
¢ Diffuse brain injury (swelling, axonal injury, hypoxic-ischemic injury, vascular injury). 


The pattern of injury roughly reflects how energy was applied to the CNS. Two 
broad patterns are identifiable: 


¢ Contact injury to the head causes bruises and lacerations of the scalp at the site of an 
impact, the underlying skull is fractured, and there is bleeding in, and tearing of, the 
meninges and brain tissues close to, or at a distance from, the impact site. 

“Inertial” (acceleration or deceleration) injuries that cause widespread deep brain tears 
and hemorrhages of various sizes and diffuse axonal injury (DAI) without scalp abnor- 
malities and skull fractures. 


Overlap between contact and inertial injuries is extremely common. 

The examination of the CNS in cases of trauma may also reveal a nontraumatic 
CNS disease that accounts for an otherwise inexplicable incident that led to the fatal 
CNS injuries. For example, a brain tumor whose location along the visual pathways 
causes a homonymous hemianopia may explain why a driver made an otherwise 
inexplicable but controlled turn into oncoming traffic. The possibility of natural causes 
of otherwise typical traumatic injuries should also be remembered especially when a 
peridural hematoma is discovered with no apparent history of trauma (e.g., a ruptured 
berry aneurysm may cause an isolated subdural hemorrhage, and spinal perimeningeal 
hemorrhages are often spontaneous /2/). 


2. PRACTICAL CONSIDERATIONS FOR AUTOPSY 
IN CASES OF CNS TRAUMA 


Many of the techniques involved in examining the scalp, skull, and brain are a mat- 
ter of routine in the autopsy room. However, there are few things that should be borne in 
mind when an autopsy is planned to investigate a case of suspected CNS trauma: 


¢ The findings from neuroimaging studies performed before death should be taken into 
account when planning the postmortem examination of, and interpreting gross and 
histopathological findings in, the CNS. Copies of neuroimaging reports should be filed 
with the case notes. (Neuroimaging studies include radiographic studies, computed 
tomography [CT], magnetic resonance imaging [MRI], angiography, and ultrasonography 
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that are used for examining the CNS.) There is also little doubt that postmortem neuro- 

imaging will play a greater role in the autopsy in the future (refs. 3 and 4; see also 

Chapter 1, Subheading 6.2.). 

Naked eye inspection of the cranial vault and skull base is a more sensitive way of 

demonstrating a skull fracture than is skull radiology. However, a lateral skull radio- 

graph prepared before the cranium is opened may reveal air in the cranial cavity, a reli- 
able sign of a skull fracture as long as introduction of air into the subarachnoid space 
at the time of a diagnostic lumbar puncture is excluded. 

Methods in common use for opening the cranium can cause artifactual skull fractures 

or extension of an existing skull fracture (5). This risk of artifactual skull fractures can 

be minimized if the following precautions are taken: 

e Saw cuts should completely penetrate the cranium (it is easier to identify saw-blade 
lacerations of the brain surface than to distinguish between a small artifactual frac- 
ture and a pre-existing fracture). 

o Only gentle leverage should be used to separate the cut edges of the cranium. 

eo A hammer and a chisel should never be employed to complete the cranial saw cuts. 

In cases in which a subdural or epidural hemorrhage is suspected, a pan should be 

placed under the head to catch the blood and allow its volume to be measured. 

Copious liquid blood can drain from the cranial sinuses when the skull is opened 

(particularly if the superior vena cava has not been opened during the general part of 

the autopsy) and this blood should not be confused with the blood of an acute 

peridural hematoma (5), which is usually at least partly clotted and partly adheres to 
the arachnoid or dura. 

The concentration of cocaine metabolites and alcohol in blood from peridural hemor- 

rhages that are several hours old reflects the levels of these substances in the circulation 

at the time of injury (6-8). 

The dura should always be stripped from the skull vertex and base after the brain has 

been removed so that fracture lines can be sought. The skull base should be stressed to 

attempt to expose hairline fractures. Bony vascular markings have a gently curving 
course, whereas fracture lines, etched with a thin line of blood, show angular changes 
in direction. 

Any spatial association between a fracture or fractures and scalp injuries should be doc- 

umented because this information is used to infer the site of an impact. 

All injuries, including those in the brain slices, should be recorded in diagrams (tem- 

plates are available from the United States Armed Forces Institute of Pathology /9/), 

which are often more helpful and accurate than a photograph as an aide memoire for the 

findings at the time of autopsy. “Significant” injuries bearing on, or contributing to, the 
cause of death should also be photographed as a complement to the diagrams. Subtle 
fracture lines are effectively recorded by photographing them after they have been wiped 

dry and their course marked with a marker pen. An indentation of the skull around a 

comminuted fracture, whose size may correspond to that of an object struck by, or strik- 

ing, the skull, can be outlined with string and photographed (see Subheading 3.4.). 

It is useful to run through a mental checklist as the brain is being removed: 

° Are the olfactory bulbs present and intact? (They may show hemorrhagic disruption 
in head injury, owing to tearing of the olfactory nerves as they pass through the crib- 
riform plate.) 

e Are the internal carotid arteries normal? (They can be occluded or torn by a basilar 
fracture.) 

o Is the pituitary stalk intact? (It can be torn in head injuries.) 
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° 


Can the relationship between the medial temporal lobes (the uncus) and the edge of 
the tentorium be seen to the extent that uncal (transtentorial) herniation is observed? 
Is there an unexplained basilar subarachnoid hemorrhage (SAH)? (Be prepared to 
alter the autopsy approach in order to find the source of bleeding; see Chapter 10, 
Subheading 4.2.). 

Is the spinomedullary junction clearly visible and intact? (It is hemorrhagic, distorted, 
or compressed in cases of atlanto-occipital dislocation or high cervical fractures.) 
Are the vertebral arteries grossly normal? (Tears and dissections occur in association 
with head and neck trauma.) 

Leave a short segment of the vertebral arteries in the body to allow them to be iden- 
tified and traced caudally if an arterial dissection is suspected. 

Make the final cut for removing the brain through the rostral spinal cord, well clear 
of the medulla oblongata. 

Are there difficulties in identifying and cutting the attached edge of the tentorium 
cerebelli, spinomedullary junction, and vertebral arteries to the extent that traction 
may have caused an artifactual tear in the cerebral peduncles or elsewhere (/0)? 
Removal of the spinal cord should be considered in all cases of craniocerebral trauma in 
which there is brain swelling or a need to exclude vertebrospinal injury. Brain swelling 
may be caused by hypoxic—ischemic injury. The presence of ischemic neuronal necrosis 
in spinal motor neurons supports a systemic cause of hypoxic—ischemic injury (i.e., a 
cardiorespiratory arrest or profound hypotension) as opposed to hypoxic—ischemic injur- 
ing owing to regional traumatic disturbance of cerebral blood flow. 

There is currently considerable debate, particularly in the United Kingdom, regarding the 
circumstances under which the brain and other organs should be retained after an autopsy 
(11). The brain should be retained and fixed whenever there are “reasonable and defensible” 
grounds, in the opinion of the pathologist responsible for the autopsy, based on observations 
made at the time of autopsy or from the history of the case or both, to believe that there are 
neuropathological abnormalities that are “of medicolegal relevance or [whose identification] 
may assist in determining the contribution of natural or unnatural processes to death” (//). 
The fixed brain should be sliced systematically and all slices laid out for inspection and 
analysis. We cut the cerebral hemispheres into 1-cm-thick slices in the coronal plane, 
the brainstem into 0.5-cm-thick slices in the horizontal plane, and the cerebellum into 
approx 0.5-cm-thick slices, starting with a sagittal cut through the vermis and continu- 
ing with oblique or parasagittal cuts at right angles and perpendicular to the cerebellar 
folia. The brainstem and cerebellum can also be cut en bloc into 0.5-cm-thick horizon- 
tal slices. The latter method is useful for infants’ brains, because they are small, and it 
also clearly demonstrates hemorrhagic tears, in cases of DAI, in the dorsolateral pons 
and adjacent parts of the middle and superior cerebellar peduncles where cuts pass if 
the cerebellum is removed from the brainstem before these parts of the brain are sliced. 
The orientation of the brain cuts should be adjusted if specific abnormalities are sus- 
pected or present; for example, a sagittal slice through the pontomedullary junction is 
the best way to demonstrate a pontomedullary tear and oblique coronal slices along the 
course of a bullet track allow the entire track to be demonstrated in a single slice. 
Heavily blood-stained brain slices should be rinsed in water prior to laying them out, to 
ensure that abnormalities are not obscured by blood. 


° 


° 


° 


° 


° 


° 


Special considerations are described elsewhere for spinovertebral injuries (see 
Subheading 8.1.), craniocerebral gunshot wounds (see Chapter 6, Heading 19.), and 
traumatic basilar SAH (see Chapter 10, Subheading 4.2.). 
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3. SKULL FRACTURES 


3.1. Epidemiology 


The incidence of skull fractures in clinical population studies is 44 per 100,000 per- 
son-years. The majority (53%) are simple (i.e., linear or comminuted) fractures and basi- 
lar, depressed, and compound skull fractures form 19, 16, and 12%, respectively, of the 
remainder (/2). Motor vehicle accidents (38% of cases) and falls (36% of cases) are the 
most common causes of skull fractures, and assault is responsible for fractures in 10% of 
cases (/2). Simple fractures are more commonly associated with falls and tend to occur in 
infants and the elderly, whereas basilar, compound, and depressed fractures tend to be more 
common after motor vehicle accidents and assault (/2). In contrast to clinical data, there is 
a dearth of population-based data regarding the incidence of fractures in fatal cases of head 
injury but approximately half of fatal cases of motor vehicle accidents have skull fractures 
(13), and most of these are basilar fractures or compound depressed fractures of the skull 
vault. 


3.2. Mechanical Aspects 


A blow to the skull causes elastic deformation of the skull, including “inbending” 
of the bone at the site of impact and asymmetric and variably localized “outbending” at 
a distance from the impact (/4,/5). Fractures start at the site of skull deformation when 
the elastic properties of the skull are exceeded. In general terms, if force is applied over 
a small area (e.g., from a blow from a weapon) a fracture occurs at the site of inbend- 
ing, whereas an impact over a larger skull area leads to fractures at the site of outbend- 
ing (/4,/5). The shape of the skull convexity allows efficient dispersal of energy 
because of the large area occupied by the skull vertex; in many cases, linear fracture 
lines will branch along diastases to form a diastatic fracture. In contrast, energy passing 
through the skull base causes fracture lines that track through areas of weakness, owing 
to the presence of various foramina and air-filled sinuses, and converge on, or pass 
through, the sella turcica (/6). 

The degree of force required to produce a skull fracture is highly varied and 
related to the skull coverings (including the scalp, which reduces the force of an impact 
by 30% [15], and head coverings), the thickness of the skull, and where on the skull the 
impact occurred. A pathologist should make only very general comments about what 
sort of forces engendered a skull fracture. In broad terms, comminuted fractures are 
associated with more forcible head trauma compared with the forces that cause linear 
fractures of the skull vault, and depressed skull fractures indicate a localized application 
of force caused by, for example, a blow from a mallet, a fall against a protuberant object, 
or an impact to the head as a consequence of intrusion of part of the vehicle frame dur- 
ing a motor vehicle accident. Haphazardly arranged comminuted fractures indicate an 
impact between the head and a broad surface, and are characteristic of, but not restricted 
to, fractures associated with falls and motor vehicle accidents. Once the skull is broken, 
further fractures develop, or existing fractures extend, with the application of very little 
additional force (/5). 

Most skull fractures are caused by dynamic loading of the head (i.e., the head 
moves or stops moving after the impact). This means that the impact that produces the 
fracture is also associated with movement of the brain relative to the skull and, as a 
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Fig. 1. External manifestations of skull base fractures. (A) Marked periorbital bruising 
(“raccoon eyes”). (B) Scleral hemorrhage (the eyelids are retracted by the examiners’s 
gloved fingers). (C) Bleeding from the ear. (D) Bruising behind the ear (Battle’s sign). 


consequence, “concussion” is frequently but not invariably associated with a skull fracture. 
Concussion is defined as a temporary period of altered brain function that manifests as 
disorientation, amnesia for the event causing concussion, and/or loss of consciousness. 
The structural basis for concussion remains conjectural and explanations for its func- 
tional basis are speculative (17,/8). 

A skull fracture alone is not a cause of death. Rather, the skull fracture indicates 
that force has been applied to the head; it is the effects on the brain of the energy asso- 
ciated with this force or other complications of the fracture that cause death. 


3.3. External Manifestations 


The external examination of the body may reveal indirect evidence of a basilar 
skull fracture, including periorbital bruising (“raccoon eyes” //9/), scleral hemor- 
rhages, retroauricular bleeding (Battle’s sign), and bleeding from the ear (Fig. 1). 


3.4. Classification and Pattern 


The appearances of skull fractures are highly varied. Linear skull fractures are 
single fissures passing over the skull vertex (Fig. 2) or across the skull base (Fig. 3). 
Diastatic fractures follow bony suture lines (Fig. 4A). Comminuted skull fractures are 
formed by multiple fracture lines, which are haphazardly or concentrically arranged, or 
stellate in the sense that they radiate from the site of impact. Comminuted fractures 
(Fig. 4) may include fragments of free bone that, if displaced inward, form a depressed 
skull fracture (Fig. 4B) or, if displaced outward, an expressed fracture (Fig. 4C). A 
compound fracture allows communication between the external world and the cranial 
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occipit : 


Fig. 2. Linear fractures of skull vault. (A) Right lateral view of skull vertex of an infant. A 
narrow, branching, linear fracture line is indicated (arrowheads). (B) Right oblique view of 
skull vertex in an adult. A linear fracture line (arrows) crosses the sagital suture line (white 
arrowheads) and branches at its termination (black arrowheads). (Courtesy of Dr. L. C. 
Ang, London Health Sciences Centre, London, Ontario, Canada.) 


Fig. 3. Linear basilar fractures. (A) Skull base. Occipital bone branched fracture (white 
arrows) extending into the left middle cranial fossa (arrowhead). (B) Occipital scalp. Scalp 
contusions (arrowheads) associated with (A), identifying the impact site. (C) Skull base. 
Linear basilar skull fracture (white arrows), secondary to a right lateral frontal impact. 
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Fig. 4. Various skull fractures. (A) Diastatic fractures involving the coronal suture line (CSL) 
and sagittal suture line (SSL). (B) Depressed skull fracture. (C) Compound comminuted 
expressed skull fracture with brain extrusion. (D) Comminuted depressed skull fracture. 
The string marks the margins of a depressed area of the skull whose dimension and shape 
correspond to those of the impact surface of the weapon that caused the injury. 


cavity, typically as a consequence of a scalp laceration over a vault fracture (Fig. 4C), a 
fracture of the cribriform plate establishing a route between the cranial cavity and the 
nasal cavity, or a petrous temporal bone fracture that opens the cranial cavity to the mid- 
dle ear cavity (see Subheading 3.7.). 

Contrecoup fractures (which should not be confused with coup and contrecoup 
contusions [see Subheading 5.4.]) are fractures in the anterior cranial fossa that involve 
the delicate bone of the orbital or ethmoid plates (Fig. 5). They occur after an occipital, 
parietal, or temporal impact (20,2/) and are usually, but not always, associated with a frac- 
ture at the site of impact (20). The fractures appear as single delicate fissures or more com- 
plex, multiple, curved, or angular lines. They are associated with periorbital hematomas, 
which, when an occipital contusion or laceration is also present, may give the incorrect 
impression during the external examination of the body of more than one impact to 
the head. 

In general terms (16): 

e The course of a fracture line roughly corresponds to the direction of the force that 
caused the fracture. 

¢ The origin of a fracture line is close to, but not necessarily at, the site of impact. 

¢ The fracture line passes through the site of impact. 

The site of impact is inferred from the position of a localized scalp injury (which 
can be tiny; see Fig. 6). However, in many cases, the scalp injuries, particularly bruis- 
ing in the deep layers, are too extensive to enable a precise determination of where the 
impact that caused a skull fracture occurred. In this case, the evidence of the distribu- 
tion and pattern of a fracture, with the exception of a depressed skull fracture, should be 
used with some circumspection when attempting to localize the position of an impact. 
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Fig. 5. Contrecoup skull fractures (two cases). (A) Occipital scalp contusion associated 
with fracture illustrated in B. (B) Contrecoup fracture of the left orbital plate (arrow). (C) 
Bilateral contrecoup fractures of the orbital plate (white arrows) opposite a linear occipi- 


tal fracture (black arrow) in a second case. 


Fig. 6. Basilar (“hinge”) fracture. A transverse basilar (“hinge”) fracture (black arrows; left 
image) is associated with a tiny retroauricular bruise (arrow) marking the site of an impact 


(right image). 
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3.5. Basilar Skull Fractures 


Basilar skull fractures were elegantly and simply summarized by Rawling in 1912: 
“[A]nd yet the base is, in many respects, the weakest part of the skull. It is perforated 
by numerous foramina, it is hollowed out in places for the formation of air sinuses and 
for the reception of the integral portions of the auditory apparatus. Furthermore, it pres- 
ents a more or less plane surface, one differing in all respects from the marked convex- 
ity of the vault. Those forces, therefore, which are received by the base of the skull, are 
not subjected to that diffusion which forms so conspicuous a feature in the case of the 
vault. ... [T]he base of the skull is more or less unsuited for the reception of severe 
blows, direct or transmitted, whilst, on the other hand nature has taken into considera- 
tion and provided fairly adequately against the dangers incident to vault injuries” (/6). 

Many basilar skull fractures originate from impacts in roughly the same plane as 
the skull base (i.e., the frontal eminence, supraorbital ridge, zygomatic process of the 
frontal bone, lower temporal bone, auricular and mastoid regions, occipital bone in a 
region bounded by the superior and inferior nuchal lines), and the fracture lines take 
predictable routes through the skull base (Fig. 7). In some cases, the fracture lines are 
discontinuous. A hinge fracture refers to a fracture that passes transversely across the 
base that allows movement of the separated halves of the skull base once the brain has 
been removed (“nodding face” sign; see Fig. 6). 


3.5.1. Ring Fractures 


Although many basilar fractures conform to the principle that skull fracture lines 
radiate from the site of impact (22), similarly distributed fractures, remote from the site 
of application of force, are associated with impacts in the frontal and occipital regions 
and to the mandible (22,23). These fractures may be limited to the petrous temporal 
bone, but they characteristically extend, to a variable degree, through the squamous 
parts of the temporal and occipital bones, more or less encircling the foramen magnum 
at a variable distance to cause a “ring fracture” (23). A ring fracture that closely encir- 
cles the foramen magnum occurs after a fall from a height onto the buttocks or a blow 
to the vertex of the head, and is the consequence of an impact between the cervical 
vertebrae and the skull base (23). Ring fractures involving the petrous temporal bones 
are associated with contrecoup contusions in the temporal lobes and with anterior brain- 
stem contusions or pontomedullary tears (22). 


3.6. Fractures Caused by Crushing of Skull 


Static loading of the skull occurs when a stationary head is crushed between two 
heavy objects. There is minimal change in conscious level because of the lack of differ- 
ential movement between the brain and skull, and so of the forces that cause concussion 
(see Subheading 3.2.). Basilar skull fracture lines extend perpendicularly from the site 
of applied force, which is usually bitemporal, and lead to separation of the petrous tem- 
poral bone from the greater wing of sphenoid and the squamous temporal bone (24). 


3.7. Complications of Skull Fractures 


A fracture that crosses the course of a blood vessel tears the vessel and causes an 
intracranial hemorrhage, usually an epidural hemorrhage. Fatal exsanguination through 
the ear (25) or bleeding from the nose (26) occurs when the intracavernous internal 
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Fig. 7. Approximate routes taken across the skull base by basilar fractures relative to the 
sites of impact, indicated by arrows. Note that “[w]hether the fracture completely traverses 
the base depends on the character of the force and the resistance offered, for bases, as well 
as vaults, vary greatly in strength. To every rule there must be exceptions, and cases are at 
hand in which the fracture appears to have obeyed no law, or in which the force applied 
was of so forcible a nature that the fracture traversed the base, regardless of the ordinary 
rule” (76). (A) Force applied to median frontal region. (B) Force applied to lateral frontal 
region (see Fig. 3C). (C) Force applied in the region of the external ear. Line 1-1’ is the 
most common route but route 1-2’ is also seen (see Figs. 6 and 8). (D) Force applied to 
the mastoid region. (E) Force applied to the lateral occipital region. (F) Force applied to 
the occipital region (see Figs. 3A and 5C). The direction of the applied force will deter- 
mine which of routes 1-1’ and 2—2’ are taken. (Modified from ref.76 by permission of 
Oxford University Press.) 


carotid artery is torn by a basilar skull fracture (Fig. 8). Delayed fatal bleeding from 
traumatic carotid aneurysms at the same site also occurs (27). In general, in clinical 
series, symptomatic involvement of the carotid arteries, characterized by epistaxis, 
carotid—cavernous fistulae, pseudoaneurysms, or compression of the artery by an 
extravascular blood clot, occurs in a minority (10%) of cases of basilar fractures (26). 
Trapping (“incarceration”) of the basilar artery or a vertebral artery in the cleft of a lon- 
gitudinal fracture of the clivus causes a brainstem infarct (25). Large tears in the walls 
of sinuses in compound fractures allow air to enter the venous system and to form pul- 
monary emboli (29,30) and embolization of cerebral tissue to the lungs occurs when 
extensive brain contusions lie close to a sinus torn by a fracture (see also Chapter 7, 
Subheading 12.1; Chapter 8, Subheading 12.4.; and ref. 3/). Leakage of CSF from com- 
pound fractures of the cribriform plate and petrous temporal bone causes rhinorrhea and 
otorrhea, respectively; there is risk of infection, either as acute bacterial meningitis or a 
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Fig. 8. Basilar skull fracture and carotid artery tear. A comminuted basilar fracture (white 
arrowheads) passes through the left foramen lacerum (black arrowhead), causing a tear in 
the carotid artery (black arrow). 


peridural abscess, from compound fractures (Fig. 9). Progressively enlarging linear 
fractures of the vault in children (“growing fractures”) occur when the fracture line is 
separated by an epidural hygroma (i.e., a localized epidural collection of clear or straw- 
colored fluid /32,33/). Displacement of the fracture edges toward the brain leads to linear 
tears on the brain surface, a “fracture contusion” (Fig. 10). 


3.8. Occipital Condylar Fractures 

Fractures of the occipital condyles are rare. Their effects range from neck pain (34), 
through multiple cranial nerve palsies (35), to death (36). If the supporting ligaments are 
intact the fracture is stable, but disruption of these ligaments causes fatal atlanto-occipital 
dislocation (37), which occurs in 2 to 4% of fatal road traffic accidents (36,38). 


3.9. Skull Fractures and CNS Injuries in Burn Victims 
and After Gunshot Wounds 
Skull fractures and CNS injuries related to thermal injury are covered in 


Chapter 4, Subheadings 3.1., 3.3., 4.3., 7.3., and 7.4. Skull fractures associated with 
gunshot wounds are described in Chapter 6, Headings 18. and 19. 


4. TRAUMATIC INTRACRANIAL HEMORRHAGE 


Hemorrhages mark the site of tearing, in some form or another, of tissue and blood 
vessels and therefore of sites through which energy has passed. Traumatic intracranial 
CNS hemorrhages occur in the following sites: 

e Epidural space. 

e Subdural space. 
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Fig. 9. Basilar fracture associated with acute bacterial meningitis. The lines indicate pro- 
gressively closer views of the fracture site. Dural contusions (black arrows—dura in place) 
overlie hairline fractures of the petrous temporal bone (black arrowheads—dura stripped). 
Pyogenic exudates (white arrows), causing focal blurring of the sulci, and small coup con- 
tusions (white arrowheads), underlying the site of a blow to the head, are present on the 
brain surface. 


e Subarachnoid space. 
e Brain tissue (i.e., intracerebral bleeding). 
¢ Cerebral ventricles. 


4.1. Traumatic Epidural Hematomas 


Epidural (extradural) hematomas (EDHs) are hemorrhages between the external layer 
of the dura and the inner face of the cranium. The interval between the impact that causes 
the EDH and the emergence of clinical signs of intracranial bleeding is usually short—a 
few hours at most—but in a minority of patients there may be a delay of several days before 
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Fig. 10. Fracture contusion. The linear occipital fracture (black arrows) is associated with 
a corresponding slightly hemorrhagic linear tear of the basilar cerebellar surface (white 
arrows). (Same case as illustrated in Fig. 3A,B.) 


the bleeding becomes symptomatic (39,40) and there are rare reports of chronic expanding 
epidural hematomas, reminiscent in behavior of old subdural hematomas (SDHs /4/ /). The 
size and extent of an EDH is determined by whether the source of bleeding is venous or 
arterial and by the strength of attachment between the outer layer of the dura and the cra- 
nium. The latter varies between individuals, as evidenced by differences in the ease with 
which the dura is separated from the cranial vertex when the skull cap is raised during 
removal of the brain, and becomes more marked with increasing age. 

EDHs are caused by a head injury (although there are rare exceptions /42/) that leads 
to a tear of an artery or cerebral sinus, which tear is usually, but not always, caused by a frac- 
ture. In rare cases in which a fracture is not responsible for an EDH, other explanations for 
the bleeding include avulsion and rupture of the diploic veins or stretching and tearing of a 
sinus wall. EDHs are usually in the temporal or parietal regions, where an impact to the tem- 
ple causes a fracture of the squamous temporal bone, which is thin at this site, and tearing 
of the underlying middle meningeal artery by the jagged edges of the fractured bone. 

EDHs also rarely occur at the skull vertex, where they are bilateral and associated 
with a skull fracture and consequent tears of the superior sagittal sinus (43,44), and in 
the posterior fossa, where the bleeding happens because of an occipital fracture and a 
tear in the wall of the straight sinus or sagittal sinus (45,46). Multiple EDHs are unusual 
but, when they do arise, they are more often venous than arterial, some of them take 
place without skull fractures, and the causal impact is more often in the midline than 
lateral (47-49). There is a single case report of an EDH on the opposite side of the head 
to an impact—in other words, a contrecoup EDH (50). 
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Victims with EDHs present to hospital with progressive neurological symptoms or 
they are found dead or in extremis. There may be a history from witnesses of a fall, triv- 
ial or otherwise, a few hours before. Patients die after neurosurgical intervention if the 
epidural bleeding was large enough to compress the brain and increase intracranial pres- 
sure to the extent that blood flow through the brain was hindered, and if the interval 
between the onset of clinical symptoms and the removal of the hematoma was long 
enough to allow irreversible ischemic brain injury to occur. As a consequence, progres- 
sive and fatal postoperative brain swelling develops in the hemisphere under the 
hematoma, which appears to be more severe than the swelling observed in cases that 
have not been treated surgically simply because drainage of the hematoma provides 
more space for expansion of the injured brain. 


4.1.1. Pathology 


The autopsy findings in untreated EDHs are straightforward (Fig. 11). There is a 
temporal scalp contusion on the side of the hematoma, a large hematoma in the epidural 
space becomes visible as the skull cap is lifted, a fracture of the temporal bone over- 
lying the hematoma traverses the course of the middle meningeal artery or one of its 
major branches, and a small thrombus on the surface of the middle meningeal artery 
marks the site of the arterial tear. Diffuse severe brain swelling is likely and the effects 
of intracranial “space occupancy” by the hematoma are observed, including subfalcine 
herniation extending from the side of the hematoma to the opposite side and transtento- 
rial herniation, which is usually more marked on the side of the hematoma. Swelling of 
the cerebral hemisphere under the hematoma causes diminution in the sulcal subarach- 
noid space (effacement of sulci) and flatness of the crests of the gyri, which gives the 
brain surface a smooth appearance. Tonsillar herniation is observed but its absence is 
common, which applies both to EDHs and to other causes of rapidly rising intracranial 
pressure (5/). Focal TBIs may be observed, particularly cerebral contusions. 


4.2. Traumatic SDHs 


SDHs are classified in clinical terms as acute, subacute, chronic, or, sometimes, 
acute on chronic, depending on the length of history, the neuroimaging findings, and the 
appearance of the blood when the hematoma is drained. The SDH is acute if the blood 
is clotted (i.e., from the time of injury to around 48 h after injury), subacute if it is partly 
clotted and partly liquid (i.e., approx 2 d to 3 wk old), or chronic if it is liquid (i.e., 
greater than 3 wk old) (52). “Acute on chronic” SDHs are chronic SDHs (CSDHs) into 
which there has been recent bleeding to the extent that new neurological symptoms are 
precipitated in a patient who previously had no symptoms or trivial symptoms. 

SDHs present to the pathologist in several ways: 

e A small, thin recent hemorrhage (smear-type) SDH, which may or may not be associ- 

ated with evidence of other craniocerebral trauma, particularly diffuse brain injury. 

e A large recent hemorrhage, hours to a few days old (acute SDH [ASDH]), which may 

or may not have been surgically drained. 

e An old SDH of variable size and with variable degrees of neomembrane formation 

around the hematoma (CSDH). 

¢ Focal subdural hemosiderin staining with variable dural thickening, indicating the site 

of a small, healed hemorrhage. 
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Fig. 11. Effects of an acute epidural hemorrhage (EDH). This brain is from a patient who, 
while intoxicated with ethanol, fell and struck the left side of his head on the edge of a 
sofa without losing consciousness the evening before he was found dead in bed. An EDH 
(500 mL) was found at autopsy. There is marked flattening of the brain surface under the 
EDH, associated with coup contusions (white arrows). Above the site of right-to-left sub- 
falcine herniation is a small right paramedian contusion (black arrow), which occurred 
either because of pressure necrosis secondary to the brain swelling or following an impact 
between the brain and the edge of the falx at the time of the fall (herniation contusion). 
Extensive disruption of the right medial temporal lobe structures owing to uncal hernia- 
tion is indicated by an asterisk. The surface of the brain underlying the epidural hematoma 
is smooth, in contrast to the preservation of the gyral convolutions seen under acute sub- 
dural hemorrhages (see Fig. 12), and there is compression of the contralateral cerebral 
hemisphere. 
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The demonstration and interpretation of the significance, with respect to cause of 
death, of large ASDHs and large CSDHs is the most common problem facing the 
pathologist with respect to SDHs. 


4.2.1. Acute SDHs 


Acute subdural hematomas (ASDHs) are either simple (or “pure’”’), in the sense 
that no detectable brain injury is apparent, or complex, reflecting the coexistence of 
other more or less extensive brain injuries. ASDHs evolve rapidly or slowly, and, in the 
case of complex ASDHs, their symptomatology also reflects coexisting brain injuries. 
Small untreated ASDHs can resolve spontaneously and rarely evolve to CSDHs (53). 
There are also radiological descriptions of rapid spontaneous resolution of ASDHs, 
owing to the tamponading effect of a swollen brain (54). 


4.2.1.1. SIMPLE ASDHSs 


Simple ASDHs, which comprise 13% (52) to 30% (55) of all traumatic ASDHs, 
are primary (when they appear to be spontaneous /56,57/), traumatic (when they occur 
after head trauma /55/), or secondary (reflecting bleeding into the subdural space 
because of a ruptured berry aneurysm or a vascular malformation, extension of an 
intracerebral hemorrhage into the subdural space, a hemorrhagic complication of a 
subdural neoplasm, or the coexistence of an acquired or iatrogenic disorder of coagu- 
lation [57,58/). 


4.2.1.2. COMPLEX ASDHs 


Complex ASDHs occur in approx 30 to 50% of patients admitted to the hospital 
with severe head injuries (59,60) and, because they are usually associated with exten- 
sive brain injuries, they are frequently fatal (6/). (Although the prognosis reported in 
the literature for simple ASDHs is variously described as good /62/ or poor /56/, it is 
reasonable to assume that, for ASDHs of comparable size, duration, and method of 
treatment, the prognosis is better for simple ASDHs than for complex ASDHs because 
of the concomitant brain injury associated with the latter, and that the risk of death 
increases with the size and the duration of simple ASDHs.) 


4.2.1.3. PATHOGENESIS OF ASDHS 


ASDHs are caused by falls or assaults and, less often, by road traffic accidents (59). 
Correspondingly, in animal experiments, ASDHs occur in response to short-duration 
acceleration of the brain, relative to the skull, after impact, which is characteristic of falls, 
and increasingly severe injuries occur with increasing magnitude of acceleration (52,59). 
The source of bleeding is variable and its location is generally unrelated to the site of 
impact. ASDHs are caused by a tear of the bridging veins between the cortical surface 
and the dural sinuses (Fig. 12E) or of an arteriole or small artery on the cortical surface 
(55,63); ASDHs from the latter tend to be in the perisylvian region (55,62). Other 
ASDHs occur because of bleeding from torn blood vessels buried in large 
contusion—lacerations and massive, rapidly evolving ASDHs occur if an artery buried in 
the dura is torn by a fracture and bleeds into the subdural space. ASDHs are frequently 
associated with severe brain swelling (52) whose etiology has not been clearly estab- 
lished (6/). It is likely, however, that this swelling reflects diffuse traumatic ischemic 
injury and diffuse traumatic brain swelling in complex ASDHs, but the tendency for the 
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Fig. 12. Acute subdural hemorrhages (SDHs). (A,B) Two examples of fatal acute SDHs. 
(C) Vertex view of (A) after removal of dura. (D) Coronal slice of (A). The outline of the 
gyral convolutions is preserved on the side of the hemorrhage, in contrast to the smooth 
outline of the contralateral hemisphere. Right-to-left subfalcine herniation is present 
(arrow). There is “paradoxical” dilation of the lateral ventricle opposite the hematoma. 
The septum pellucidum is torn. (E) The site of a third case of acute SDH is marked by a 
bloodstained depression in the left cerebral hemisphere. Bridging dural veins are indi- 
cated by white arrows. (A, C, and D courtesy of Dr. R. Hammond, London Health 
Sciences Centre, London, Ontario, Canada.) 


swelling to be more prominent in the hemisphere next to the hematoma suggests an 
additive and possibly synergistic effect of the ASDH (in line with the clinical observa- 
tions in simple ASDH that cerebral hemispheric swelling can be severe /55,56/), pre- 
sumably related to local compressive effects leading to capillary closure, subsequent 
ischemic injury, and consequent localized brain swelling, as described above with 
respect to EDHs. 


4.2.1.4. GROSS FINDINGS 


The external findings in cases of ASDH will reflect the cause of trauma ( ). 
Many cases of simple traumatic ASDH, whether caused by an assault or a fall, have 
external evidence of blunt force injury, more commonly to the face than to the head (55). 
Skull fractures are common. In cases in which the hematoma has not been treated surgi- 
cally, the clotted or partly liquefied hematoma extends for a considerable distance under 
the dura because of the fragility of the dural boundary layer (see Subheading 4.2.2.2.) 
and, although the majority of ASDHs lie over the hemispheric convexities, they may 
extend to and line, or be localized to, the falx (64) or be restricted to the posterior fossa 
(46). There are no enclosing membranes. The hematoma molds to surface of the under- 
lying brain so that the normal cortical undulations are preserved even in the presence of 
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severe diffuse brain swelling (in contrast to the smooth brain surface under an epidural 
hematoma; see Subheading 4.1.1.). The convexities of the gyri of the contralateral hemi- 
sphere are flat and the adjacent sulci are compressed, reflecting the space-occupying 
effect of the hematoma and of secondary brain swelling. Transtentorial herniation (usu- 
ally more marked on the same side of the hematoma) and tonsillar herniation are often 
present and there is usually subfalcine herniation directed away from the side of the 
hematoma, associated with corresponding narrowing of the lateral ventricles. In severe 
cases of subfalcine herniation, the contralateral interventricular foramen of Monro may 
be occluded, leading to paradoxical dilation of the contralateral lateral ventricle. In cases 
in which the hematoma has been drained there is severe brain swelling, particularly of 
the hemisphere ipsilateral to the hematoma, with the usual herniation effects of the 
swelling. In complex ASDHs various other brain injuries are found. In severe cases, 
particularly those with injuries in the frontal and temporal regions, the ASDH may blend 
with a large area of fragmented and hemorrhagic (“pulped”) brain tissue or an intra- 
cerebral hematoma, giving the appearance of a “burst lobe” (52). 


4.2.1.5. MICROSCOPIC FINDINGS 


Detailed accounts of the histopathology of SDH, both acute and chronic, are used as 
a basis for estimating the period between injury and death (65,66). However, these details 
(and the gross appearance of the blood clot) should be used only to give a rough estimate 
of the interval between injury and death because of the variability between individuals and 
between different regions of the blood clot in the rate of the evolution of the microscopic 
abnormalities and the possibility, in older SDHs, that bleeding is multiphasic. Of the vari- 
ous histological reactions at the margins of an SDH, the deposition of hemosiderin, demon- 
strated by an iron stain, is perhaps the most reliable in acute bleeding, but all that can be 
said if hemosiderin is detected is that the injury took place at least 2 to 3 d before death and 
even then only if samples of grossly unremarkable ipsilateral and contralateral dura have 
been examined to exclude pre-existing iron deposition from an older injury. Although 
undoubtedly ASDH and DAI do occur together (67), DAI is more likely to occur without 
ASDH and, conversely, ASDHs are more likely to be found without DAL, reflecting the dif- 
ferent rates and durations of acceleration that are required to generate these injuries (59). 


4.2.2. Chronic SDHs 


CSDHs appear in different forms (65). Most are of the “classical” form, with a 
characteristic inner membrane (91% of cases, Type I /68/). A few CSDHs manifest as 
hemosiderin-rich subdural granulation tissue without membrane formation, and may 
represent the healing phase of an unrecognized or untreated ASDH (6% of cases, Type 
II /68/). Rare examples are sudural hygromas that display bloodstaining of their nor- 
mally straw-colored fluid (3% of cases, Type HI /68/). 

The majority of classic CSDHs become symptomatic because of slowly increasing 
space occupancy owing to gradual osmotically driven accumulation of fluid or repeated 
small capillary hemorrhages from the vascular outer membrane into the hematoma. 


4.2.2.1, EPIDEMIOLOGY (69,70) 

The annual incidence of CSDHs is estimated to be 1 per 100,000 population of all 
ages and 7 per 100,000 population over 70 yr of age. The majority of patients are male, 
but the predisposition for males is less pronounced in the elderly (7/). Most cases present 
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in the sixth and seventh decades. Symptoms and signs in elderly patients are nonspecific, 
and include falls, an alteration in mental state, or a progressive focal neurological deficit. 
About a third of elderly patients who present to a general medical clinic because of symp- 
toms eventually attributable to a CSDH require neurosurgical treatment. In contrast to the 
symptoms in elderly patients, symptoms in younger patients are usually of raised intracra- 
nial pressure (72), perhaps reflecting the fact that the brain is less atrophic and therefore 
that there is less intracranial “leeway” space to allow brain swelling and expansion of the 
hematoma. Bilateral hematomas occur in approx 13% (patients 50 yr of age and younger 
[72]) to 25% (elderly patients [70/) of cases of SDH. A history of head trauma is elicited 
in 50 to 75% of cases (more frequently in younger patients). Death directly attributable to 
the hematoma occurs in 1 to 2% of younger patients with CSDHs and in 6% of older 
patients. Many factors increase the risk of CSDH, including cerebral atrophy, alcohol 
abuse (of which there is a history in 10% of cases), seizures, coagulopathies (both 
acquired and iatrogenic), subdural structural abnormalities (including meningiomas and 
metastases), conditions that cause intracranial hypotension (intraventricular shunts, CSF 
fistulae, lumbar puncture), and dehydration. 


4.2.2.2. PATHOGENESIS 


The dura—arachnoid interface is not a “virtual” or “potential” space. Rather, it is a 
continuum of cells passing from the inner surface of the dura to the outer surface of the 
arachnoid. It includes the outer dural border layer of loosely adherent, poorly supported 
cells with scant intercellular junctions and minimal collagen and reticulin and the inner, 
more secure, arachnoid border cell layer whose interdigitating cells are attached to one 
another by numerous desmosomes and other types of intercellular junctions (73,74). 
Subdural hemorrhages start in the dural border cell layer because of its fragility. 

Although the factors that lead to subdural bleeding are uncertain, CSDHs are pre- 
sumed to arise from small asymptomatic ASDHs, and to evolve as a consequence of 
repeated small hemorrhages originating in the outer membrane (75). However, this 
sequence of events is inconsistent with several observations, including the occurrence 
of Type II CSDHs (see Subheading 4.2.2.) in which membrane formation does not 
occur (68), the tendency for CSDHs to occur in individuals with atrophic brains (the 
customary explanation of the atrophic brain stretching the bridging veins and render- 
ing them more susceptible to tearing notwithstanding) and low intracranial pressure, 
and the tendency for untreated ASDHs to resolve spontaneously (53). An alternative 
(or additional) explanation to the assumption that CSDHs evolve from acute SDHs is 
that the fragile outer dural border cell layer is readily torn in mild head trauma, partic- 
ularly in individuals with atrophic brains in whom this layer is not fully supported, or 
splinted, by the brain. The tear is followed by transudation of fluid into the subdural 
layer (i.e., a small subdural hygroma occurs), which stimulates the development of 
membranes around the cavity. Vascularization of the outer membrane then leads to 
repeated small hemorrhages and expansion of what is now an SDH (76). Gradual 
expansion of the subdural space without hemorrhage causes a large subdural hygroma, 
which is also bounded by inner and outer membranes but contains straw-colored or 
clear fluid. The appearance of the latter suggests communication between the subdural 
and subarachnoid spaces, which accounts for an association between arachnoid cysts 
and subdural hygromas (77). 
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4.2.2.3. GROSS APPEARANCES 


CSDHs have varied appearances related to their size and age. In general, the 
hematoma cavity is narrow or spacious and contains liquid blood or bloodstained fluid 
of variable color. The hematoma is enclosed by a thin inner membrane and a thick outer 
membrane. The latter has a variegated appearance, formed by recent bleeding, older 
dusky hemorrhages, yellow hemosiderin, and pale collagen and other fibrous tissues. If 
the hematoma was the cause of death, the effects of its space occupancy in the form of 
subfalcine, uncal, and tonsillar herniation will be evident, reminiscent of the effects of 
an ASDH on the brain. Often, though, a CSDH is an incidental finding and, in older sub- 
jects, even when it is large, its effects on the gross anatomy of the brain may be mini- 
mal (Fig. 13). In some cases, CSDHs are associated with focal or diffuse superficial 
cortical siderosis (Fig. 14). 


4.2.2.4. MICROSCOPIC APPEARANCES 


The inner membrane of a CSDH is a filmy, almost transparent, yellow-brown 
layer, 30 to 300 um thick, which is readily separated from the brain surface. The mem- 
brane is composed of disorganized collagen and elastic fibers and of cells that resemble 
the dural border layer cells, which are compactly arranged adjacent to the hematoma 
and loosely arranged next to the arachnoid. Variable numbers of macrophages, 
eosinophils, and red blood cells are also present (78). In contrast, the outer membrane, 
immediately under the dura, is thick and composed of smooth muscle, myofibroblasts, 
collagen fibers, and elastin fibers (79). Eosinophils may be conspicuous (SO) and nucle- 
ated red cells, indicating extramedullary hematopoiesis, are a common finding. A 
prominent vascular plexus of thin-walled, sometimes large blood vessels is a character- 
istic feature of the outer membrane. The fragility of these vessels and the heightened 
fibrinolytic activity in and around the outer membrane accounts for the frequent finding 
of small recent hemorrhages in CSDHs and the tendency for these lesions to expand 
over time. 


4.3. Cause of Death and Volume of Blood in EDHs and ASDHs 


There are rare occasions when a scalp contusion, acute peridural hematoma (with 
or without a skull fracture), and some degree of subfalcine herniation are the only post- 
mortem findings in an individual who is presumed to have had a head injury. Although 
it may be reasonable to conclude, when such a case is definitely accidental (based on 
the evidence of reliable witnesses), that, in the absence of any other findings, the 
peridural hemorrhage is the cause of death, this diagnosis by exclusion of other causes 
of death comes under scrutiny when the death is suspicious and the possibility of homi- 
cide arises. A well-known forensic text states that 50 mL of rapidly accumulating sub- 
dural blood is sufficient to be life-threatening (8/) but there is little information in the 
literature that precisely and definitively addresses this potentially contentious issue. 

In one clinical study, a CT-based volumetric analysis of EDHs in 42 patients who 
were alive when they arrived in hospital showed that the volume of blood was greater 
than 50 mL in 5 of 6 fatal cases in which the patient died because of the hematoma, but 
in the remaining fatal case, in which the patient did not arrive in hospital until 20 h after 
injury, death occurred with an EDH volume of less than 20 mL (82). Moreover, of 35 sur- 
vivors, 13 and 4, respectively, had EDHs of 50 to 100 mL and greater than 100 mL. In 
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Fig. 13. Chronic subdural hemorrhages (SDHs). (A,B) Two cases of chronic SDH show dif- 
ferent degrees of inner membrane (IM) and outer membrane (OM) formation. The right con- 
vexity dura has been reflected to the left in both cases (asterisk in [A]). (C) The SDH has 
caused a marked depression of the surface of the right cerebral hemisphere (arrowhead— 
same case as [B]). (D) Coronal slice of (B). Despite the distortion of the right hemispheric 
outline (black arrowhead), there is only slight narrowing of the right lateral ventricle (lower 
white arrowhead), minimal evidence of right-to-left subfalcine herniation is apparent 
(upper white arrowhead), and there is no evidence of swelling of the contralateral cerebral 
hemisphere (compare effects of acute peridural hemorrhage shown in Fig and 12). 


the same study, 57% of 102 patients with ASDHs died and none of the 8 patients with 
ASDHs of greater than 120 mL survived (82). Similar data are reported in another clin- 
ical study of 98 patients with EDHs and 91 patients with ASDHs for whom no statisti- 
cally significant difference in blood volume was seen between the groups of patients with 
an “unfavorable” outcome (i.e., severe disability, persistent vegetative state, or death) or a 
“favorable” outcome (i.e., moderate or minor disability or complete recovery), although 
none of the patients with ASDHs greater than 110 mL survived (83). 
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B Inner membrane 


Fig. 14. Dura from, and secondary leptomeningeal and cortical hemosiderosis in, chronic 
subdural hemorrhage. (A) Variegated appearance of a subdural hematoma (an asterisk 
marks the falx). (B) Whole-mount preparation, stained with HPS, showing dura and the 
outer and inner membranes around a chronic subdural hematoma. (C) Perifalcine ”“smear- 
type” old subdural hemorrhage (black arrows). (D) A concave area in the right cerebral 
hemisphere, caused by a chronic subdural hemorrhage, shows superficial slight (yellow) 
discoloration, which, as shown in the photomicrograph stained for iron with Perl’s method 
(X25 objective), is caused by hemosiderin deposition in the subarachnoid space and in 
the astrocytes of the superficial layers of the cortex (arrowheads). 


Although these observations are instructive, their usefulness for a pathologist is 
limited because the majority of the hematomas were surgically drained and it is likely 
that, had the patients been left alone, many more would have died as the hematomas 
expanded. Nevertheless, it is reasonable to presume that the presence of an EDH in any 
situation may or may not cause death (the likelihood increasing with increasing volume 
of blood and duration of injury and being greater in the presence of herniation phenom- 
enon), that an ASDH of greater than 120 mL is invariably fatal, that an ASDH of 50 to 
120 mL is more likely than not to cause death (particularly if there is significant and 
marked subfalcine herniation and uncal herniation), and that an ASDH of less than 50 
mL is unlikely to be fatal. These cautious statements should be supplemented with a 
comment that complex ASDHs are associated with other potentially fatal brain injuries 
whose structural features may not have had time to appear if there was only a short inter- 
val between injury and death. In addition, the demonstration of a peridural hemorrhage, 
irrespective of its size, indicates forcible injury to the head and therefore the possibility 
of fatal medullary dysfunction, similar to that implicated in “commotio medullaris” (see 
Chapter 10, Subheading 4.3.), as an alternative cause of, or factor contributing to, death. 
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Fig. 15. Traumatic subarachnoid hemorrhage (SAH). (A) Sparse SAH in occipital (depend- 
ent) leptomeninges in a case of diffuse axonal injury. (B) Localized left frontal and pari- 
etal smear-type SAH. (C) Small sequestered subarachnoid hematoma in Sylvian fissure 
(arrow). (See also Fig. 19 for SAH associated with contusions.) 


4.4. Traumatic SAH 


Bleeding in the subarachnoid space in association with craniocerebral trauma is often 
extensive because CSF and unclotted subarachnoid blood flow freely in the subarachnoid 
space. The amount of subarachnoid bleeding is proportional to the interval between trauma 
and death (it may be minimal when death occurs instantaneously or soon after craniocere- 
bral trauma) and the size of the source of the bleeding, and, although subarachnoid blood 
staining may be widespread, it is usual most prominent close to its source. 

Different patterns of traumatic SAH are encountered (F 5): 


e¢ A small amount (smear) of localized subarachnoid blood staining over the cerebral con- 
vexities is almost invariable in cases of head injury, no matter how minor the trauma, 
and is presumed to reflect small tears in subarachnoid blood vessels. 

¢ The SAH may be sequestered as a discrete hematoma, particularly in the depths of the 
sulci and the Sylvian fissure. 

e Extensive subarachnoid bleeding in cases of suspected craniocerebral trauma occurs in 
the following situations: 

° Over contusions and lacerations where the extent of subarachnoid bleeding reflects 
the size of the brain injury and the interval between injury and death. 

o As a consequence of rupture of a traumatic intracerebral hemorrhage into the sub- 
arachnoid space or into the cerebral ventricles with subsequent flow of the blood 
through the foramina of Magendie and Luschka into the subarachnoid space. 

o In association with nontraumatic causes of intracranial hemorrhage. The most com- 
mon cause is a ruptured berry aneurysm, whose onset may have been caused by, or 
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precipitated, the accident that caused craniocerebral trauma, but nontraumatic intra- 
cerebral hemorrhages, particularly when they are peripherally located in the cerebral 
hemispheres (usually associated with cerebral amyloid angiopathy), can also rupture 
into the subarachnoid space. 

A thorough search for the source of the bleeding, before releasing the body to the 
undertakers, as outlined in Chapter 10, Subheading 4.2., should be carried out in all 
cases of extensive SAH, whether apparently traumatic or nontraumatic in nature, in 
which a source of bleeding is not immediately apparent during the autopsy. 


4.5. Traumatic Intracerebral Hemorrhage 
Traumatic intracerebral bleeding occurs in the following forms: 


¢ Contusion—hematomas (see Heading 5.). 

¢ Brainstem hemorrhages owing to transtentorial herniation (see Subheading 6.4.). 

¢ Hematomas deep in the brain, remote from the hemispheric convexities, i.e., isolated 
traumatic intracerebral hemorrhages (‘“‘isolated” in the sense that they are isolated, or 
separate, in terms of location or pathogenesis or both, from contusions and from hemor- 
rhages associated with brain swelling). Isolated traumatic intracerebral hemorrhages 
include: 

o Multiple small or moderate-sized hemorrhages that occur at the interface between 
gray matter and white matter, in the deep gray structures (Fig. 16), or at the sites of 
“pulling apart” (i.e., distraction) or shearing between two parts of the brain (usually 
the corpus callosum, cerebellar peduncles, or the “temporal stalk”—a discrete, 
rostroventrally located region of white matter that joins the rostral temporal lobe to 
the deep gray structures). 

» These hemorrhages are frequently, but not invariably, associated, with DAI (see 

Subheading 6.1.; and refs. 84 and 85). 

Solitary medium-sized to large extraganglionic or lobar hematomas. 

= The cause of this type of hemorrhage is at times uncertain and a coincidental 
hypertensive hemorrhage or a hemorrhage associated with cerebral amyloid 
angiopathy may be difficult to exclude. 

The exclusion of a hypertensive hemorrhage is presumptive, based on the lack of 
a history of high blood pressure and the absence of gross (e.g., cardiomegaly and 
renal granular atrophy) and microscopic features (hypertensive vascular changes in 
the basal ganglia and dentate nucleus, including hyalinization of the vessel walls 
and lipohyalinosis) of hypertension. 

Hemorrhage owing to cerebral amyloid angiopathy is excluded when microscope 
sections stained with Congo red do not show amyloid in the cerebral vessels. 

As isolated cerebellar hematomas (see Subheading 5.4.7.). 

A rare type of intracerebral hemorrhage happens when tears occur between the dorso- 
lateral corpus callosum and the cingulate gyri, leading to bleeding into the ventricles 
and a hematoma that dissects the white matter between the lateral root of the corpus 
callosum and the cingulate gyri (Fig. 17). 


° 


° 


° 


4.5.1. Delayed Traumatic Hematomas 


Traumatic intracerebral bleeding may be delayed (in the sense that progress in the 
bleeding causes new neurological symptoms after a stable period of usually a few hours 
to a day or so). In the context of a potential for delayed bleeding, traumatic intracere- 
bral hemorrhages can be classified on the basis of serial neuroimaging studies as 
hematomas that decrease in size (Type I), small or medium-sized hematomas that 
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Fig. 16. Acute traumatic intracerebral hematomas. (A) Occipital contusion-hematoma. 
(B) Fronto-orbital contusion-hematoma with subarachnoid extension (white asterisk). 
(C) Isolated traumatic left intracerebral hematoma lateral to the basal ganglia and large 
temporal contusion-hematoma. (D) Extensive hemorrhagic disruption of the temporal 
lobe (“burst lobe”). The hemorrhages in (B), (C), and (D) are associated with various 
degrees of subfalcine herniation (white arrows). 


Fig. 17. Acute pericallosal and subcingulate hematomas. This specimen is from an elderly 
patient who sustained a head injury from a fall down stairs. A tear of the right callosal root 
(white arrow) is associated with intraventricular blood (black arrow) and _ bilateral 
hematomas that dissect a space between the corpus callosum and cingulate gyri (white 
arrowheads). There was no evidence of traumatic axonal injury. 
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increase in size (Type II), hematomas that develop at sites that were previously normal 
(Type II), and hematomas that are associated with contusions (Type IV /86/). 


4.6. Traumatic Intraventricular Hemorrhage 


The presence of copious blood in the fourth ventricle, viewed through the foramina 
of Luschka and Magendie prior to brain slicing, can be taken at the time of autopsy as 
indirect evidence of intraventricular bleeding prior to confirmation of this process when 
the brain is sliced. Traumatic intraventricular hemorrhage is primary or secondary. 


4.6.1. Primary Intraventricular Hemorrhage 


Symptomatic primary traumatic intraventricular hemorrhage is rare but occurs 
after motor vehicle accidents and assaults (S7—91/), including those associated with rel- 
atively mild head trauma (92). Although the bleeding may be extensive, different pat- 
terns are described in neuroimaging studies, including hematomas around the foramen 
of Munro, hematomas unilaterally in the body and posterior horn of a lateral ventricle, 
and bleeding solely in one or both posterior horns of the lateral ventricles (in which case 
a CSF-blood demarcation level is frequent, owing to the supine position of the patient 
[91]). The source of bleeding is undetermined in most cases, but various sources are 
possible, including avulsion of the choroid plexus (65), tears in the tela choroidea (87), 
or tears in the wall of the ventricles that rupture the subependymal veins. 

A variable but usually small amount of intraventricular hemorrhage is frequent 
when there is a tear of the septum pellucidum or a tear at the site of attachment of the 
fornices to the corpus callosum (see Heading 7.). 

The possibility of a nontraumatic cause of intraventricular bleeding should also 
always be considered. Nontraumatic primary intraventricular hemorrhage originates 
from a ruptured berry aneurysm or vascular malformation or can be associated with a 
number of conditions, including hypertension, anticoagulant treatment, methampheta- 
mine abuse, fibromuscular dysplasia, Moya Moya disease, and brain tumors (93-95); in 
many cases, though, the source of bleeding is undetermined in these nontraumatic cases. 


4.6.2. Secondary Intraventricular Hemorrhage 


The explanation for secondary intraventricular hemorrhages, which is the common 
type of traumatic intraventricular bleeding (96,97), is usually self-evident when the 
brain is sliced and a traumatic intracerebral hematoma is found in continuity with the 
ventricles (e.g., see Fig. 38B; Subheading 6.4.). 


4.7. Artifactual or Trivial Traumatic Intracranial Hemorrhage 


There are situations when generally small artifactual or inconsequential hemor- 
rhages are found in the brain or its coverings. Many of these circumstances arise in indi- 
viduals whose cerebral venous pressure was elevated before they died because of 
increased right heart pressure (as a consequence of acute heart failure or pulmonary 
embolus) or jugular venous obstruction (for example, by strangulation or hanging). In 
such cases cerebral vascular congestion is striking and sometimes more marked in depend- 
ent than in other areas of the brain (a cerebral form of livor) (see also Chapter 2, 
Subheading 5.2.). Agonal rupture of the congested vessels leads to focal sparse microscopic 
subarachnoid bleeding and intracerebral petechiae (which are common in the ventral 
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wall of the third ventricle) or thin grossly visible films of subdural and subarachnoid 
blood (see also Chapter 2, Subheading 5.2.). Although controversial, a similar explana- 
tion may account for small and microscopic intradural hemorrhages with minor epidural 
and subdural extension in infants in whom there is otherwise no reasonable basis for the 
suspicion of nonaccidental injury (98). The dorsal cervical and thoracic spinal peridural 
area (and therefore, with respect to the latter, the most dependent part of the vertebral 
column) may also appear hemorrhagic at the time of autopsy, particularly in infants, and 
histological examination of the tissue shows agonal acute hemorrhage and capillary 
rupture (99, /00). 


5. CONTUSIONS AND LACERATIONS 


The forces associated with head trauma commonly cause focal areas of hemor- 
rhagic disruption or tearing of CNS tissue. 


5.1. Terminology 


Areas of hemorrhagic disruption (tearing lesions) of the CNS that are peripherally 
located in the brain or spinal cord are customarily called contusions if the pia is intact and 
lacerations when the pia is torn (52). However, it is often difficult for a pathologist to be 
sure whether or not a tear of the pia has occurred unless step sections through every con- 
tusion are examined under the microscope, an unnecessary exercise because there is no 
difference in practical terms in the significance of contusions with intact pia compared 
with contusions with microscopic pial tears. Moreover, there is a tendency in general, and 
in neuroimaging descriptions of craniocerebral trauma in particular, to describe traumatic 
areas of hemorrhagic disruption or tearing lesions of the brain that are not hematomas sim- 
ply as contusions. In reality, several types of lesions that signify traumatic hemorrhagic 
disruption or tearing of CNS tissues can be recognized when the fixed brain is examined. 
These include (with the terms that will be used for them in the rest of this text): 

e Discrete areas with small, petechial or linear hemorrhages (simple contusions). 

¢ More extensive areas of hemorrhagic tissue destruction than in simple contusions that 
include grossly evident pial tears or disruption (contusion—lacerations). 

e Areas of hemorrhagic tissue destruction, usually in the characteristic distribution of 
simple contusions and contusion—lacerations, of various sizes that are associated with, 
or blend into, hematomas (contusion—hematomas). The stage at which contusion—lacer- 
ations should be classified as contusion—hematomas is difficult to define precisely. 

¢ Large lacerations, evident to the naked eye, that are associated with minimal or mild 
perilesional hemorrhagic tissue destruction (lacerations). Cerebral lacerations are 
caused by depressed skull fractures and penetrating or perforating head injury. 

These specific terms notwithstanding, the subsequent unqualified use here of the 
term “contusion” refers collectively to simple contusions, contusion—lacerations, and 
contusion—hematomas. 

Deeply placed hemorrhagic tears are also encountered that are sometimes referred 
to as intermediate (see Fig. 18B) or deep contusions and are often indicative of DAI. 
These lesions are associated with multiple small or medium-sized isolated traumatic 
intracerebral hemorrhages (see Subheading 4.5.). 
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5.2. Pathogenesis 


The pathophysiology of contusions is complex and multifactorial, but, in general 
terms, contusions are tissue tears in areas where movement of the brain relative to the 
skull has occurred. Contusions therefore mark sites of collision between the brain and 
its bony and dural coverings, sites of forcible separation of the brain from the dura, and 
sites of differential movement between the brain and dura and between adjacent areas 
of the brain. 

It is usually a head impact that causes relative movement between the brain and its 
coverings, and a consequent contusion, and the lag in the initiation or cessation of move- 
ment of the brain with respect to the dural and the cranium is a form of inertial injury, 
impact inertial injury. However, the forces responsible are seldom of the magnitude and 
character that cause the characteristic impulsive inertial injuries when the head is 
exposed to acceleration and deceleration without a cranial impact (see Subheading 6.1.). 

Contusions are more severe in terms of their size and extent when the skull has been 
fractured than when it is intact and contact injuries are more likely to cause contusions than 
are impulsive inertial injuries (/0/). There is a direct correlation between the force of injury 
and the extent of contusions for occipital impacts but not for lateral impacts (/02). 
Contusions occurring as a consequence of an impact to the side of the skull occur at lower 
acceleration intensities than those caused by occipital impacts (/02). Irrespective of the site 
of impact, contusions tend to occur at the frontal poles, in the frontal lobe overlying the 
orbital plates, in the lateral and basal areas of the temporal lobe, and in the walls of the 
Sylvian fissure (/0/—/03). The predilection of the orbitofrontal cortex for contusions 
reflects the rougher surface of the orbital plate in comparison with the smooth inner sur- 
face of the skull vault (65,/02), and a complex mechanical interaction between the bulwark 
of the sphenoid ridge and the rostral temporal lobe accounts for temporal and perisylvian 
contusions. Parietal and occipital contusions are usually small, but large examples are 
associated with adjacent skull fractures or are coup contusions (see Subheading 5.4.2.). 
Contusions develop at the time of injury, but their hemorrhagic appearance becomes more 
pronounced with the passage of time or when there are other factors that compromise blood 
clotting. Bleeding is more marked when necrosis is prominent or a large vessel is involved. 

Intoxication by alcohol is associated with disproportionately large contusions, as 
drunk subjects tend to fall and, because of their blunted protective locomotor reflexes, 
they fall more heavily than do sober subjects. Moreover, concomitant liver disease and, 
possibly, acute alcohol intoxication hinder hemostasis. 


5.3. Pathology 
5.3.1. Acute Contusions 


The gross appearance of acute contusions on the brain surface varies from 
faint discoloration of the brain surface (simple contusions; Fig. 18) to large areas of 
hemorrhagic destruction and necrosis (contusion-lacerations; Fig. 19). The brunt of the 
injury is borne by the gyral apices, but, depending on the severity of the injury, the 
changes may be localized to the gray matter or extend to a variable degree and with vari- 
able character into the adjacent white matter. SAH is associated with contusions 
(Fig. 19). In brain slices small contusions, or contusions in cases in which there is a 
short interval between injury and death, appear as linear hemorrhages perpendicular to 
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Fig. 18. Simple acute contusions. (A) Dusky discoloration of the caudal orbitofrontal cor- 
tex is typical of small simple contusions (arrows). (A small contusion laceration is indicated 
by an arrowhead.) (B) A simple contusion is present in the left gyrus rectus (black arrow). 
There are small white matter hematomas (white arrows). (C) A low-power photomicrograph 
of the cerebral cortex shows the linear nature of simple contusions, reflecting the route of 
torn small blood vessels perpendicular to the cortical surface (H&E: X1.6 objective). 


Fig. 19. Acute contusions—external appearances (bars = 1 cm). Large asymmetrical (left 
image) and symmetrical (right image) acute frontal and temporal contusion—lacerations 
are associated with marked secondary subarachnoid hemorrhage. 
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Fig. 20. Acute contusions—brain slices (bars = 1 cm). (A) Small linear simple contusions 
(example indicated by black arrow). (B) Simple contusions, contusion—hematoma (white 
arrow). (C) Multiple contusion—-hematomas and simple contusions. (D) Large contusion— 
hematomas and contusion—lacerations. 


the pial surface, reflecting the similarly oriented course of cortical blood vessels and 
illustrating how tearing of these vessels accounts for the contusions (Figs. 18 and 20). 
Large contusion—lacerations appear as fragmented and irregularly shaped hemorrhagic 
areas (Figs. 19 and 20). Coup contusions have a wedge shape whose base is at the pial 
surface (see Chapter 6, Fig. 51). Localized swelling of the brain around contusions is 
proportional to the size of the contusions. 

Under the microscope acute contusions contain perivascular hemorrhages and var- 
ious degrees of confluent hemorrhage. Almost immediately after injury, neurons in the 
vicinity show nonspecific changes, including dusky discoloration and distortion of their 
profiles, which may reflect mechanical injury or early ischemic neuronal change (see 
Subheading 6.3.). After 3 to 5 h the center of the contusions shows sharply demarcated 
areas of pallor and microvacuolation, which is an early sign of necrosis secondary to 
failure of cerebral perfusion at this site (1/04). After a survival interval of 6 to 24 h some 
neurons in the same area develop unequivocal features of ischemic injury, including 
cytoplasmic hypereosinophilia and nuclear pyknosis. Although some degree of neuronal 
injury is inevitable in contusions, necrosis is not. 

The degree of the inflammatory response to contusions and its timing after injury 
are variable (105,/06). As a general guide, margination of neutrophils is seen within 3 h, 
extravascular neutrophils appear in injured tissue from about 6 h of injury and continue 
to be found for 3 d or so, and a mixed infiltrate of macrophages, activated microglia, 
and lymphocytes appear at around 3 to 4 d after injury. Hemosiderin is noted in 
macrophage cytoplasm at around 2 to 3 d of injury. Reactive astrocytes are apparent 
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Fig. 21. Old contusions. Two specimens show (A) old fronto-temporal and (B) temporal 
contusion—lacerations (white arrows) in the form of pits and grooves on the brain surface. 
(C) Intact cortex, indicated by arrows, in the depths of two sulci with tearing of the gyral 
crests. White matter pallor extends below the intact gyrus on the right. 


approx 5 to 7 d after injury. Axonal swellings are visible in the white matter margins of 
contusions from around 24 h after injury. 


5.3.2. Old Contusions 


Resorption of blood and necrotic tissue from contusions leaves, weeks to months 
after injury, sharply demarcated cavities, corresponding to contusion—hemorrhages, 
and cystic or softened areas of tissue loss with characteristic scalloping of the crests of 
the gyri, corresponding to large simple contusions and contusion—lacerations (Figs. 21 
and 22). Hemosiderin deposition in, and corresponding yellowness of, old contusions 
vary unpredictably among cases from none or minimal to marked, and presumably 
reflect the volume of the original hemorrhage and variability between individuals in 
the efficacy of the inflammatory response to injury. The white matter under contusions 
and under adjacent histologically normal cortex is pale because of loss of myelinated 
axons (and possibly demyelination), secondary to localized ischemic injury and edema 
(Fig. 21C). Dura may adhere to the surface of old contusions (Fig. 22E). Small simple 
contusions are visible under the microscope as perpendicular linear arrays of astrocytes 
and siderophages at the sites of neuronal loss. 


5.4. Contusion Patterns 

There are several repeatedly encountered contusion patterns that allow tentative 
inferences to be made regarding the cause of a head injury. 
5.4.1. Contrecoup Contusions 


Contusions that occur in areas of the brain lying diagonally opposite the site of an 
impact to the skull are traditionally referred to as contrecoup contusions. Contrecoup 
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Fig. 22. Old contusions. (A) Old fronto-orbital contusion—lacerations. (B, C) Old fronto-orbital 
contusion—hematomas. (D) Old temporal contusion—laceration (lines localize the source of 
the close-up view). (E) Right temporal lobe contusion-laceration with adherent dura. 


contusions occur when the brain continues moving after the skull has stopped, or when 
the brain remains stationary after an impact has caused the skull to start moving. The dis- 
crepancy between the movements of the skull and the brain causes tensile (stretching) or 
sliding (shearing) forces that overcome the elasticity of the blood vessels and other tis- 
sues at sites where the brain draws away from, or collides with, its coverings. In other 
words, movement of the brain, relative to its coverings, causes tearing and distortion of, 
or suction on, CNS tissue opposite the site of application of force to the cranium. A typ- 
ical example of contrecoup contusions is the occurrence of frontotemporal contusions 
when a fall backward causes the occiput to strike a hard surface. 

It is, however, commonplace to find contusions at other places in the brain than 
those precisely and diagonally opposite the site of a solitary impact to the head, as 
inferred from the location of scalp injuries or a fracture (/0/,/02). There is also a ten- 
dency for contusions resulting from lower acceleration forces to appear in a contrecoup 
position, whereas those caused by greater acceleration forces are more widely distributed 
(102). This variability in the location of contusions with respect to the site of application 
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Fig. 23. Coup contusions. Bioccipital coup contusions caused during a boating accident 
by a blow to the occiput from a water-skiing tow bar. Tonsillar herniation, secondary to 
brain swelling, is severe (arrows). (Coup contusions caused by a glancing gunshot wound, 
a blow, and a fall against a protuberant object are illustrated in Chapter 6, Fig. 51, and 
Figs. 9 and 11 in this chapter, respectively.) 


of force to the head is a reminder that the forces accompanying a head injury are com- 
plex and unpredictable, and justifies the suggestion that a contrecoup contusion, rather 
than merely being diagonally opposite an impact site, is “one that is not immediately 
below the site of impact, irrespective of its exact location” (52). 


5.4.2. Coup Contusions 


Contusions that occur immediately under the site of a skull impact are coup con- 
tusions (Figs. 9, 11, and 23; Chapter 6, Fig. 51). They are caused by inward localized 
deformation of the skull by an impact, compression of, and consequent injury to, the 
underlying brain, and tensile (suction) injury to the brain as the deformed bone springs 
back into place. There may or may not be a skull fracture. The force of the impact is 
absorbed by the skull so that there is minimal acceleration of the head and the inertia of 
the brain is relatively undisturbed. 


5.4.3. Significance of Coup and Contrecoup Contusions 


In general terms, contrecoup contusions are injuries caused by an impact between 
the head and a relatively large object that has a broad surface area, which either halts or, 
less commonly, initiates movement of the head. Coup contusions are contact injuries to 
the brain caused by an impact between the stationary head and an object with a relatively 
small surface area. In practical terms, contrecoup contusions are caused by a fall and coup 
contusions are the consequence of a blow. However, in the absence of other reliable infor- 
mation about a given case, these generalizations should be used with caution because there 
are exceptions to them. Specifically, coup contusions may be found if, during a fall, the 
head strikes a protuberant object with a small surface area (Fig. 11; ref. 65) and small 
coup contusions may accompany much larger contrecoup contusions in circumstances 
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Fig. 24. Coup and contrecoup contusions. This brain is from a person who died because 
of a road traffic accident. There was a large right occipital fracture, indicating blunt force 
injury to this area. Small coup contusions (small arrows) and massive contrecoup contu- 
sions (large arrows) are indicated. A focal hemorrhagic tear in the corpus callosum indi- 
cates abrupt right-to-left movement of the hemispheres during the accident (arrowhead). 


that are normally expected to produce contrecoup contusions (Fig. 24). Contrecoup con- 
tusions can occur after a blow, but in these cases, a coup contusion is also present, which 
is usually larger than the contrecoup contusion (65,5/,/07). Standard forensic texts men- 
tion that blows can cause contrecoup contusions in the absence of coup contusions 
(65,81), possibly because of a fall that follows the blow (S/), but there is not enough infor- 
mation about the circumstances of the cases on which these observations are based to 
allow them to be reliably assessed. Cerebellar coup contusions are a special category 
because they are often caused by a fall on the occiput (see Subheading 5.4.7.). 


5.4.4. Herniation Contusions 


Herniation contusions occur when the uncus and cerebellar tonsils collide with the 
edges of the tentorial incisure and the foramen magnum, respectively (Fig. 25). They 
occur after a severe head injury, particularly a fall from a height onto, or a blow to, the top 
of the head, a fall from a height onto the feet, or a gunshot injury (Chapter 6, Fig. 44). It 
may be difficult or impossible to distinguish between these contusions and hemorrhagic 
necrosis caused by uncal and tonsillar herniation secondary to traumatic brain swelling. 


5.4.5. Gliding (Parasagittal) Contusions 


Gliding contusions are more commonly associated with motor vehicle accidents than 
with falls, and the victims generally have neither a lucid interval (see Subheading 11.2.) 
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Fig. 25. Herniation contusions. Small uncal (white arrows) and cerebellar tonsillar (black 
arrows) herniation contusions. 


nor a skull fracture. They occur in the white matter and gray matter of the dorsal para- 
median region (dorsal angle) of the cerebral hemispheres, particularly in the frontal and 
parietal lobes, and they are often bilateral. Gliding contusions are typically discrete sim- 
ple contusions or contusion—lacerations but the forces responsible for them also result 
in large contusion—hematomas (Fig. 26), petechiae, or less well-defined areas of hemor- 
rhagic discoloration (/07). The term “gliding contusion” is sometimes also used for 
basilar brain contusions to underpin the idea that these contusions occur as the brain 
“glides” over the uneven surfaces of skull base (65,/08). However, this broader use of 
the term is misleading because it obscures the important and common, but not invari- 
able, association between contusions of the dorsal angles (i.e., “true” gliding contu- 
sions) and DAI (/07,/09), which does not exist for basilar brain contusions. 

Gliding contusions are attributed to relative movement between the brain and the 
dura, which stretches and tears the tributaries or trunks of the parasagittal bridging veins as 
they pass from the cortex to the superior sagittal sinus or to differential movement between 
the cortex and subcortical white matter. A tear of the transmeningeal trunk of the parasagit- 
tal bridging veins accounts for an association between ASDHs and gliding contusions. 


5.4.6. Fracture Contusions 


Linear contusion—lacerations lie under, or close to, undisplaced or depressed skull 
fractures (Fig. 10; see also Subheading 3.7.). They should not be mistaken, either in fact 
or in significance, for coup contusions. 


5.4.7. Cerebellar Contusions and Hemorrhages 


Traumatic posterior fossa intracranial hemorrhages, excluding brainstem 
hematomas associated with DAI or brain swelling, are rare. In clinical practice they 
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Fig. 26. Cerebellar contusions and hematomas. The brain slices in (A) and (B) are from an 
individual who fell backward and struck his occiput. An occipital skull fracture was present. 
(A) Large bilateral frontal hematomas and contusion—hematomas. The location of these cor- 
responds to gliding contusions (but diffuse axonal injury was not present). (B) Large cerebel- 
lar contusion-laceration. A hematoma fell out of the space above the contusion when the 
cerebellum was sliced. (C) An old cerebellar contusion—laceration (arrow) and small ipsilat- 
eral temporal contusion—lacerations (arrowheads) of similar etiology to (A) and (B). 


occur in approx 3% of cases of head trauma that are admitted to hospital and investi- 
gated by CT or MRI scanning, and 40% of these cases are fatal (46). They include, in 
roughly equal proportions, EDHs (owing to a tear in the transverse or sigmoid sinus), 
SDHs, and cerebellar contusions or hematomas. The low incidence of cerebellar contu- 
sions is presumably related to the smooth contours of the occipital bone and splinting 
of the cerebellum by these surfaces and the tentorium cerebelli. Cerebellar contusions 
and hemorrhages are associated with a fall or blow to the back of the head and an occip- 
ital fracture (1/0), but there are rare exceptions in which a frontal impact may be the 
cause (//1). They are isolated to the cerebellum or occur in association with cerebral 
hemispheric injury; the latter is more common in fatal cases of cerebellar contusions 
and hemorrhages (46, //2,/13). Hematomas may evolve from contusions, in which case 
they lie laterally in the cerebellum, but in some instances they appear in the deep cere- 
bellar midline, physically distant from contusions (//4). Their presentation is delayed 
for 12 h after the head impact, on average (46). 

Cerebellar contusions and traumatic cerebellar hemorrhages are a potential source 
of confusion during an autopsy because their location immediately under the site of an 
impact (i.e., a coup location) suggests a blow from a weapon as opposed to a fall and 
their association with frontal and temporal contusions equally incorrectly raises the sus- 
picion of more than one head impact (F ). Moreover, if the cerebellar lesion is pre- 
dominantly a hemorrhage, a natural cause for the bleeding, particularly hypertension, 
may be used as an explanation for a fall leading to the supratentorial injuries. In this 
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situation, a hypertensive hemorrhage may be difficult to dismiss from consideration, but 
the absence of clinicopathological features of hypertension (see Subheading 4.5.) points 
to a traumatic etiology. The interpretation of cerebellar hemorrhages in trauma cases may 
be further complicated because surgical evacuation of a supratentorial SDH can precipi- 
tate a cerebellar hemorrhage for reasons unrelated to trauma (//5,/16), which may then 
be mistaken for a delayed type III intracerebral hematoma (see Subheading 4.5.1.). 


5.5. Documentation and Quantification of Contusions 


The marked variation in the distribution and prevalence of contusions in cases of 
TBI frequently makes their documentation difficult. The simplest method of documen- 
tation is to mark their location on brain slice diagrams (e.g., those available from the 
Armed Forces Institute of Pathology /9/), which will give a good impression of their 
distribution and severity. Representative brain slices—or, in cases of suspicious death, 
all brain slices—should be photographed. When formulating diagnoses an idea of the 
size and extent of contusions should be conveyed. The following is an example of an 
approach to listing neuropathological findings in a case of acute TBI caused by a fall 
backward onto a hard surface: 
¢ Acute severe craniocerebral trauma: 
o Large left occipital scalp laceration. 
o Linear left occipital fracture. 
o Widespread “smear-type” bihemispheric SAH. 
o Widespread contusions: 
= Fronto-orbital region (right > left, numerous, medium-sized). 
= Right frontal lobe convexity (numerous, medium-sized). 
= Right temporal lobe (numerous, large, with contusion—hemorrhage). 
= Right parietal lobe (numerous, medium-sized, with large contusion—hemorrhage). 
= Occipital lobe (bilateral, scant, small). 


Methods of quantifying contusions have been described (/0/—/03), but, although 
they have proved effective for research purposes, they are too complicated for routine 
use. A simplified scheme is also available, which may be more acceptable to patho- 
logists in general forensic practice (//7). 


5.6. Differential Diagnosis of Contusions 


Acute contusions will not be mistaken for hemorrhagic infarcts if the custom- 
ary frontotemporal and perisylvian location of the former and the inevitable distribu- 
tion of the latter in a vascular territory are remembered. A small cortical capillary 
hemangioma or marked localized agonal dilation of small blood vessels and capillar- 
ies may resemble small contusions, but the distinction between them is readily made 
under the microscope. Old infarcts and old contusions are both characterized by 
localized areas of tissue necrosis and, on occasion, are difficult to tell apart. 
However, in contrast to infarcts in which the opposites are true, contusions tend to 
have well-demarcated and smooth margins, to favor a location at the crests of the 
gyri, to have cavities that are relatively free of traversing cobweb-like gliovascular 
strands, and to cross cerebral vascular territories (/06). In addition, in old infarcts, 
the pial margin and layer 1 of the cortex are intact, whereas these regions are torn in 
old contusions. 
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6. DIFFUSE TBI 


There are four forms of diffuse (or multifocal) TBI: DAI, diffuse vascular injury, 
hypoxic ischemic encephalopathy, and diffuse brain swelling. These categories overlap 
and they are often accompanied by various forms of focal TBI. 


6.1. DAI and Traumatic Axonal Injury 


DAT is a well-characterized clinicopathological condition in which the victim is 
unconscious from the time of injury and then either remains in a coma or enters a veg- 
etative state (/ /S—/21). DAI occurs most commonly in road traffic accidents but it also 
arises during assaults (/22) or after falls from heights (/23). “Traumatic axonal injury” 
is a more general term that refers to cases in which there are widely distributed axonal 
swellings but the clinical history does not fit with that of DAI. 

DAT has been replicated in experiments on primates in which head movements in 
the angular plane, particular the coronal plane (i.e., lateral movement of the head), cause 
axonal injury. These experiments demonstrate that, in comparison with the forces that 
occur when the head strikes a hard surface during a fall, the forces that cause DAI are 
of longer duration and the rate of acceleration or deceleration is slower. This can be 
understood, for example, if the effect on the momentum of a seat-belted driver’s head 
of the relatively slow crumpling of the body and frame of a car during a crash is com- 
pared in the imagination with the more abrupt change in the momentum of the head 
when a fall causes the head to strike a hard surface (59,124,125). In simple terms, the 
consequence of these forces is tugging (shearing) of various parts of the brain against 
one another. DAI is therefore the outcome of relative movement (shearing) between 
adjacent parts of the brain in widespread areas, which causes axonal injury and axonal 
dysfunction at the sites of movement. 

Animal models of DAI show focal blockage of axoplasmic transport at the site of 
axonal injury and consequent accumulation of transported material, which causes enlarge- 
ment and eventual rupture of the axon at the site (126,127) and the characteristic axonal 
swelling. Only in severe forms of DAI does the differential movement between parts of the 
brain immediately tear both axons (1.e., “immediate axotomy”’) and small blood vessels, 
tearing of the latter causing petechiae and hematomas at characteristic sites (126,127). 


6.1.1. Pathology of DAI 


Contact injuries to the scalp and skull are often lacking, but the presence of a 
contact scalp injury is a reminder that the pathological features of contact and dif- 
fuse TBI frequently coexist. The findings on examination of the brain surfaces are 
minor and at times restricted to sparse SAH in acute cases (Fig. ISA). The brain 
slices are unremarkable to the naked eye or they contain hemorrhagic tears of vari- 
ous dimensions in the corpus callosum, at the dorsal angle of the cerebral hemi- 
spheres, and in the dorsolateral quadrants of the rostral brainstem in the vicinity of 
the superior and middle cerebellar peduncles (Figs. 27 and 28). Gliding contusions 
are common (see Subheading 5.4.5.) and hemorrhages in the thalamus and basal gan- 
glia are frequent (Fig. 27; see Subheading 4.5.; and ref. 84). 

The gross evidence of DAI in subjects who survive for weeks to months is 
sometimes subtle and can be missed if it is not specifically sought (Figs. 28 and 29). 
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Fig. 27. Hemorrhagic tears associated with diffuse axonal injury. (A) Parasagittal gliding 
contusions (GCs). (B) Hemorrhagic tear of the corpus callosum (CCH). (C) GCs and 
hematomas in the deep gray matter (DGH). (D) Hematoma in the dorsolateral quadrant of 


the pons (DLQH). 


Fig. 28. Lesions of the corpus callosum in diffuse axonal injury (bars = 1 cm). (A) Acute 
callosal petechiae (arrow). (B) Moderate sized acute hemorrhagic tears (arrow). (C) Small 
old cystic lesion with faint yellow discoloration. 
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Fig. 29. Gross appearance in old diffuse axonal injury. (A) Old gliding contusions (GCs) 
or gliding contusion-hematomas (GC-Hs) in frontal white matter. (B) Granular appearance 
of a soft area in the body of the corpus callosum (top arrow) and of the descending fornix 
(lower arrow). (C) Focal (yellow) discoloration at the root of the fornix (arrow). (D) Small 
cystic lesion of splenium of corpus callosum (arrow). (E) Atrophy of the body of the cor- 
pus callosum with focal granular discoloration (arrow), asymmetric ventricular dilation, 
and an old GC in the dorsomedial frontal white matter. 


There is atrophy of the corpus callosum, particularly of the caudal body and the sple- 
nium, and dilation of the cerebral aqueduct occurs secondary to the effects of brain- 
stem hemorrhagic tears. Scattered small or microscopic hemosiderin-tinged foci are 
found at sites where, in acute cases, hemorrhagic tears are expected. The atrophic 
areas have a granular appearance and are soft. 

The microscopic features of acute DAI include widespread axonal swellings in 
the subcortical white matter, internal capsule, corpus callosum, cerebral peduncles, 
and basis pontis (Fig. 30). Numerous axonal swellings may be seen in tracts going 
in one direction and few or none in adjacent tracts passing at right angles, a pattern 
most obvious in the basis pontis. Focal areas of necrosis and perivascular hemor- 
rhages are also seen in a similar distribution to that of the axonal swellings. 
Aggregates of microglia around axonal bulbs are visible within 5 d; microglial clus- 
ters are first detected at approx 10 to 11 d after injury and readily detectable a few 
days later. Activation of astrocytes can be detected with the use of immunohisto- 
chemistry for glial fibrillary acidic protein from around 9 d after injury (/28). By one 
month after injury intensely cellular foci of hyperplastic astrocytes and microglia are 
evident, associated with lipid-laden macrophages (/29). After survival of months to 
years these areas gradually become shrunken microcystic spaces that contain sparse 
siderophages (/29). Secondary degeneration of axons can be inferred from the pres- 
ence of microgliosis and astrocytosis in commissural tracts (including those in other- 
wise uninvolved areas of the corpus callosum) and in the long tracts of the brain 
stem (130). 
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Fig. 30. Microscopic appearances in acute diffuse axonal injury. (A) Axonal swellings in the 
corpus callosum (arrows) (H&E and Luxol fast blue: X40 objective). (B) Axonal swellings 
in the corpus callosum (arrows; Bielschowsky’s method: X40 objective). (C) Axonal 
swellings in the subcortical frontal white matter (arrows; Bielschowsky’s method: x40 
objective). (D) Axonal swellings in the basis pontis (arrows), which are more numerous in 
the descending fibers than in the crossing fibers (Bielschowsky’s method: X10 objective). 


6.1.2. Sampling of Brain Regions in Cases of DAI and Traumatic 
Axonal Injury 


Thorough sampling of the brain for microscopic examination in cases of suspected 
DAT is recommended by selecting tissue in areas of white matter that are likely to have 
been subjected to shearing or distracting (“tugging”) forces (126). These areas include 
the corpus callosum and attached caudal frontal white matter, splenium of the corpus 
callosum, deep gray matter (including the posterior limb of the internal capsule), cere- 
bellar hemispheric white matter, caudal midbrain (at the level of the decussation of the 
superior cerebellar peduncle), and rostral pons (to include the basis pontis and the supe- 
rior and middle cerebellar peduncles). Tissues sampled for the purposes of demonstrat- 
ing DAI should be taken from sites that are not in the vicinity of focal brain lesions, 
such as areas of hemorrhage and infarction, because axonal swellings are customarily 
associated with these lesions owing to disruption of axons at their margins. 

These numerous blocks ensure that DAI in particular, and traumatic axonal injury 
in general, can be excluded if axonal swellings are not found. However, in patients who 
have been in a coma since the head injury, DAI can be diagnosed simply by demonstrat- 
ing numerous axonal swellings in the corpus callosum, subcortical frontal white matter, 
and basis pontis. 


6.1.3. Special Stains and Immunohistochemical Methods in DAI 
and Traumatic Axonal Injury 


Although axonal swellings are visible in sections stained with hematoxylin and 
eosin or a myelin stain (e.g., Luxol fast blue) from approx 24 to 36 h after injury, 
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additional sections from the blocks should be stained with a silver stain (for example, 
Bielschowsky’s method, which will reliably detect axonal swellings 12 to 18 h after 
injury //3/,/32]) or treated with immunohistochemistry for neurofilaments. Sections 
can also be treated for B-amyloid precursor protein (BAPP) immunohistochemistry 
(which reveals axonal abnormalities approx 2 h after injury //32,/33/] and small axonal 
swellings at 3 h after injury //32,/34/, the maximal size of the axonal swellings being 
achieved by approx 85 h after injury //34/). Axonal swellings are still detectable several 
weeks after injury (/3/,/35), although in diminished numbers and BAPP immunoposi- 
tivity begins to wane in some axonal swellings approx 2 wk after injury (/26). Microglial 
nodules will also be visible in routinely stained sections, but their identification is easier 
in sections treated with CD 68 immunohistochemistry. Focal microscopic injury may 
also be demonstrated by using an iron stain to detect hemosiderin deposits. 


6.1.4. Grading of DAI 


The degree of severity of the pathological features of DAI conforms to three grades 
(136). Grade 1 DAI refers to cases in which the findings are restricted to axonal swellings 
at multiple characteristic sites, as listed previously. Grade 2 and 3 DAI refers to cases in 
which there are, in addition to widely distributed axonal swellings, focal hemorrhagic or 
necrotic lesions of the corpus callosum (Grade 2) and of the corpus callosum and dorso- 
lateral area of the rostral brainstem (Grade 3). These focal injuries, which can be visible 
to the naked eye or detectable only under the microscope, include necrosis or hemorrhage. 


6.1.5. Traumatic Axonal Injury (Mild DAI) 


A number of observations indicate that a spectrum of brain injury exists whose 
cases have in common more or less widely distributed axonal swellings (/37). In other 
words, and in general terms to include examples of DAI, the cases in this spectrum are 
characterized by traumatic axonal injury of variable severity (/26). The spectrum 
includes, in order of decreasing severity: 

¢ Classical DAI (severe traumatic axonal injury //26/). 

© Victims are unconscious from the outset. 

e Traumatic axonal injury. 

e Victims display a lucid interval, then die (see Subheading 11.2.) or they do not lose 
consciousness and survive with moderate or mild neurological disability 
(123,130,136,138) or with minimal neurological abnormalities (/3/, 133,135,139). 

e Fatal cases show axonal swellings, but not with such an extensive distribution or as 
numerous as would be expected in DAI. Death occurs in these patients because of 
focal TBI, brain swelling, hypoxic—ischemic encephalopathy, or extracranial injuries. 

e Note that small callosal hemorrhages may be seen in these cases. 

¢ MRI traumatic leukoencephalopathy. 

o There is a mild head injury with full neurological recovery. Altered MRI brain signals 
are observed with a distribution reminiscent of that of the axonal swellings in DAI (140). 

In line with these clinical and pathological observations, a spectrum of severity of 
axonal damage has been demonstrated in response to traumatic injuries of graded inten- 
sity in experimental animals, including, at the mild end of the spectrum, reversible 
axonal dysfunction (126,127,141). 


6.1.6. Axonal Injury in Nontraumatic Conditions 


BAPP immunolabeling has proven to be a sensitive and specific method of detect- 
ing axonal abnormalities, of which the classical axonal swelling (“retraction ball,’ “bulb’”) 
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is only one example. BAPP accumulates in any axon in which focal slowing or cessation 
of axonal transport has occurred. Not unexpectedly, diffusely distributed (or, at least, 
widespread multifocal) abnormalities in BAPP immunolabeling, and therefore axonal 
injuries, have been demonstrated in nontraumatic diseases, including hypoglycemia, 
hypoxic brain injury, status epilepticus, carbon monoxide poisoning (see Chapter 3, 
Subheading 24.), and Creutzfeldt-Jakob disease (/39,/42—/44). The cause of axonal 
swelling in some of these conditions is speculative but distortion of the brain (and there- 
fore of the axons) caused by brain swelling, particularly in hypoxic—ischemic brain injury, 
plays a role (/39). The term “diffuse axonal injury” should not be used for the axonal 
abnormalities in these conditions because of its precise association with trauma. Rather, 
expressions indicating the suspected cause of axonal injury are preferable—for example, 
“hypoglycemic axonal injury,” “hypoxic—ischemic axonal injury,” or even “axonal injury 
of indeterminate cause,” which avoid the risk of any confusion, particularly with respect 
to the possibility of regarding trauma as the etiology of the axonal changes (/28). 


6.1.7. Interpretative Difficulties Engendered by Axonal Abnormalities 
Detected With BAPP Immunohistochemistry 


Although in most cases of nontraumatic axonal injury the cause of the axonal 
abnormalities is immediately apparent because of other histopathological characteristics 
of the nontraumatic causes (/45), diagnostic difficulties are created when BAPP- 
immunopositive axonal abnormalities are found early in the evolution of a disease for 
two reasons: 

¢ BAPP-immunopositive axonal abnormalities are detectable before there has been 

enough time for other indicators of the causative disease to become visible. 

¢ BAPP immunolabeling at an early stage tends to be in the form of localized enhance- 

ment of axonal labeling as opposed to the discrete, well-formed axonal swellings that 
are so characteristic of traumatic axonal injury. 


The interpretation of abnormalities detected by BAPP immunolabeling is particu- 
larly problematic with respect to trauma neuropathology in which the secondary effects 
or axons of brain swelling and ischemic injury mingle with traumatic axonal injury. 

There is some evidence that geographic or linear arrays of BAPP-immunopositive 
axons, particularly in the pontine midline, and pleomorphic BAPP-immunopositive debris 
in the white matter are more suggestive of hypoxic than of traumatic axonal injury (/28,/33) 
and that axonal swellings (i.e., discrete round to oval-shaped structures with a tail), partic- 
ularly in the characteristic locations of DAI, indicate traumatic axonal injury. However, in 
some cases, particularly those with a short survival after the onset of an illness, it may sim- 
ply not be possible to make the distinction between hypoxia, brain swelling, and trauma as 
the cause of BAPP-immunopositive axonal abnormalities (Fig. 31). 

BAPP immunohistochemistry is therefore a sensitive means of detecting injured 
axons, particularly within a few hours of the onset of axonal dysfunction of whatever 
cause, but it is not specific for a particular mechanism of axonal injury. A consensus 
regarding the place of BAPP immunohistochemistry in the diagnostic armamentarium 
of the pathologist, particularly in the investigation of cases of suspicious deaths, has not 
been established. In view of these various uncertainties, a confident diagnosis of DAI in 
particular and traumatic axonal injury in general, should be rendered only when axonal 
swellings in multiple separate locations have been demonstrated in sections stained with 
silver stains or a myelin stain. 
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Fig. 31. BAPP immunohistochemistry. Axonal BAPP immunolabeling of indeterminate cause 
is shown at low power (X10 objective) in (A), (C), and (E) and at high power (40 objec- 
tive) in (B), (D), and (F) in the corpus callosum (A,B), basis pontis (C,D) and cingulum (E,F). 
The immunolabeled axons are arranged in ill-defined linear arrays in the form of multitudi- 
nous pleomorphic linear and granular immunostained debris. Although there are no definite 
axonal swellings, “microswellings” are present. The tissue is from an individual who was 
punched, fell to the ground, sustained a massive subdural hematoma, and died several hours 
after injury because of severe brain swelling, despite surgical evacuation of the hematoma. 


6.2. Diffuse Vascular Injury 


Diffuse vascular injury (Fig. 32) is invariably fatal; victims are either dead at 
the scene of injury or survive for only a few hours. Contact head injuries may not be 
apparent. Examination of the brain reveals sparse diffuse SAH and widely scattered 
petechial hemorrhages. The latter may be visible only under the microscope (/46,/47). 
The hemorrhages are prominent in many subependymal regions (of the third ventricle, 
cerebral aqueduct, and fourth ventricle), the lateral pons and midbrain, and the midline 
of the hypothalamus and the rostral brainstem. The medulla is often spared (/47). The 
hemorrhages also occur in the thalamus and in the white matter of the temporal and 
frontal lobes, but they are rarely as prominent as those associated with DAI (52,146,147), 
possibly because not enough time has elapsed to allow them to develop. Bleeding occurs 
from capillaries, veins, or arteries (147). Diffuse vascular injury is probably caused by 
the same type of forces that cause DAI, except that the force is more intense and pro- 
duces more extensive disruption of neuronal function so that death occurs before axonal 
swellings have a chance to evolve. 
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Fig. 32. Diffuse vascular injury. These specimens are from the brain of a man who died at 
the scene of a road traffic accident. His car had been shunted from the rear by a truck. 
There was a small scalp contusion and an occipital fracture. (A) Scattered inconspicuous 
white matter petechiae, left frontal laceration (arrow). (B) Numerous pontine petechiae 
(H&E and Luxol fast blue: X1.6 objective). (C) Perivascular hemorrhages. These were 
widespread throughout the brainstem (H&E and Luxol fast blue: X25 objective). 


6.2.1. Differential Diagnosis of Multiple Brain Petechiae 


The petechiae of diffuse vascular injury should not be confused with vascular con- 
gestion, which is common and often marked in the brain after fatal head injury. Vascular 
congestion can be identified by its predilection for dependent areas of the brain, its 
localization to the walls of the third ventricle, and its tendency to be absent from, or 
inconspicuous in, the brainstem. 

Widespread petechiae also occur in many conditions other than trauma, including 
disseminated intravascular coagulation, thrombotic thrombocytopenic purpura, air embolism, 
fat embolism, and cerebral malaria (see Chapter 7, Subheading 12.1.; Chapter 8, Sub- 
headings 12.1., 12.4.). The history will almost always prevent confusion between traumatic 
and nontraumatic causes of CNS petechiae. 


6.3. Traumatic Hypoxic—Ischemic Brain Injury 


Hypoxia is harmful because low tissue oxygen concentration causes failure of 
energy generation in the cell and consequent cell death. Ischemia is harmful because the 
flow of essential metabolites (including oxygen) to, and the drainage of toxic products of 
metabolism from, ischemic tissue are compromised. The adjective “hypoxic—ischemic” 
is used to describe the harmful effects of low oxygen and diminished blood flow because, 
despite much debate (/48), it is impossible to disentangle the relative contributions to tis- 
sue injury of hypoxia and the effects of ischemia. 

Hypoxic—ischemic injury to the brain in fatal TBI is common (/49,/50) but its etio- 
logy is not straightforward because of the complexity of events that occur during and after 
a head injury. Adequate whole brain and regional brain perfusion and oxygenation are 
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related to the cerebral perfusion pressure (i.e., the mean arterial pressure minus the 
intracranial pressure), the degree of oxygenation of hemoglobin, and the oxygen-carrying 
capacity of blood. All these factors are compromised in trauma cases because hypotension 
(or a cardiorespiratory arrest), brain swelling, respiratory insufficiency, and blood loss 
occur in various combinations. 

The severity and distribution of hypoxic—ischemic pathological changes are pro- 
portional to the degree and duration of hypoxia and ischemia. In addition, the severity 
of the pathological effects of a hypoxic—ischemic episode of a given intensity varies 
between different cell types (neurons are more sensitive to hypoxic—ischemic injury 
than other cell types) and between different regions of the brain (the cerebellum, hippo- 
campus, and some thalamic nuclei are more vulnerable than other brain regions). In 
practical terms, two patterns of hypoxic—ischemic injury are seen in any affected area: 
necrosis restricted to neurons (selective neuronal necrosis) and necrosis of all tissue ele- 
ments (pan-necrosis). 

Traumatic hypoxic—ischemic injury is diffuse (in which case the usual pattern 
is of selective neuronal necrosis) or focal/multifocal (in which case the histological 
pattern is of selective neuronal necrosis, pan-necrosis, or, at different sites, both). 


6.3.1. Diffuse Traumatic Hypoxic—Ischemic Neuronal Injury 


Diffuse ischemic neuronal necrosis occurs in individuals in whom a cardiorespi- 
ratory arrest or severe hypotension has occurred during the management of their head 
injury. It is also seen in patients without a documented history of a cardiorespiratory 
arrest or hypotension who have been comatose since the time of injury and who have 
only sparse focal traumatic injuries. There are at least two explanations for this 
phenomenon. First, in many patients, neuroimaging assessment of cerebral blood flow 
suggests that there exists a period of global brain hypoperfusion of unknown etiology 
in the first few hours after injury of sufficient severity to cause hypoxic—ischemic brain 
injury, the brain blood flow improving by about 24 h after injury (/5/,/52). Second, a 
self-limited cardiorespiratory arrest may have occurred at the moment of head impact, 
causing a global failure of cerebral perfusion (cardiac arrest encephalopathy). The lat- 
ter explanation is favored if spinal cord neurons show ischemic injury, because spinal 
cord blood flow should not be affected by injuries that cause regional traumatic cerebral 
hypoperfusion. The mechanism underlying the phenomenon of self-limited traumatic 
cardiorespiratory arrest may be similar to that causing “commotio medullaris” (see 
Chapter 10, Subheading 4.3.). 


6.3.2. Focal/Multifocal Traumatic Hypoxic—Ischemic Neuronal Injury 


Focal ischemic neuronal injury restricted to the boundary zones between areas 
supplied by different cerebral arteries suggests hypotension as an etiology. Haphazardly 
distributed areas of ischemic necrosis are the consequence of regional defects in cere- 
bral perfusion, secondary to localized brain swelling. A similar mechanism accounts for 
the frequent observation of ischemic neuronal injury in and around contusions, at the 
margins of intracerebral hematomas, and under peridural hematomas where early cere- 
bral hypoperfusion is characteristic (/53,/54). In the swollen brain, entrapment of the 
posterior cerebral artery and its laterally directed branches between the uncus or medial 
temporal lobe and the edge of the tentorial incisure or of branches of the anterior 
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Fig. 33. Traumatic hypoxic—ischemic encephalopathy. (A) The coronal brain slice has a 
smooth profile, typical of brain swelling that, in this case, is secondary to 
hypoxic—ischemic injury. There is dusky discoloration in the cortex lining a sulcus in the 
“watershed” region of the left anterior and middle cerebral arteries (arrowhead). The unci 
bear moderately prominent grooves (arrows) and the right uncus contains petechiae that 
indicate either a herniation contusion or pressure necrosis because of the brain swelling. 
The septum pellucidum is torn. (B) Characteristic ischemic neuronal necrosis in pyrami- 
dal neurons of the hippocampus. The neurons are shrunken, their cytoplasm is homo- 
geneous (eosinophilic), and their nuclei are hyperchromatic, shrunken, and irregular in 
shape (H&E: X40 objective; compare Figs. 34 and 35). (C) Purkinje cell showing similar 
changes to those shown in (B) (H&E: X40 objective). (D) Normal Purkinje cell for com- 
parison with (C). Note the crisp round nuclear outline and the (blue) granularity of the 
Nissl substance (H&E: X40 objective). 


cerebral artery between the cingulate gyrus and the free edge of the falx cerebri cause 
hemorrhagic infarcts of the medial occipital lobe (posterior cerebral artery territory) and 
the paramedian cerebral hemispheres (anterior cerebral artery territory), respectively 
(see also Subheading 6.4.). Arterial vasospasm secondary to severe traumatic SAH or 
involvement of the vertebral and internal carotid arteries by a fracture is another expla- 
nation for focal traumatic ischemic brain injury in specific vascular territories (/55). 


6.3.3. Pathology of Hypoxic—Ischemic Brain Injury 
6.3.3.1. SELECTIVE NEURONAL NECROSIS 


The brain is grossly normal or localized or diffuse nonspecific brain swelling and 
discoloration are observed. Unequivocal features of selective neuronal necrosis can be 
demonstrated only under the microscope in the form of neurons with bright red cyto- 
plasmic staining and shrunken hyperchromatic nuclei in sections stained with hema- 
toxylin and eosin (ischemic neuronal necrosis, homogenizing cell change; see Figs. 33 
and 34). The diagnostic histological features of ischemic neuronal necrosis do not 
become visible for 6 to 12 h after head injury and they may be obscured or delayed if, 
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Fig. 34. Dense (“dark”) neurons compared with ischemic neuronal necrosis. (A-C) Dense 
neurons are indicated by arrowheads. There are four normal neurons to the left and at the 
top in (A) for comparison. The dense neurons are characterized by accentuated dusky or 
murky cytoplasmic and nuclear staining. Their nuclei are elongated and denser than nor- 
mal. In some cases apical dendrites of cortical pyramidal neurons have a corkscrew appear- 
ance (B) (H&E: X100 objective). (D,E) Examples of neurons showing typical features of 
hypoxic—ischemic necrosis are shown. In comparison with the dense neurons in (A-C) their 
cytoplasm is more homogenous and, when viewed in color, more brightly eosinophilic. 
Perineuronal vacuolation (caused by swelling of the perineuronal astrocyte cytoplasm) is 
more marked than for dense neurons and the perineuronal vacuoles contain wisps of neu- 
ronal cytoplasm (encrustations) that are trapped by swollen astrocytic cytoplasm (black 
arrows). Note also that the glial cell nuclei are more vesicular than those adjacent to the 
dense neurons (white arrowheads). Other clues that help to distinguish ischemic neuronal 
necrosis from dense neurons (see also Fig. 35) include microvacuolation of the neuropil, 
distortion, shrinkage, or disintegration of some of the neuronal nuclei and swelling of the 
capillary endothelial cell cytoplasm (H&E: X100 objective). 
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during this period, cerebral perfusion has ceased because of brain swelling, corporeal 
life having been maintained thereafter until death by mechanical ventilation. In other 
words, a brain subjected to severe ischemic injury may show minimal or no patholog- 
ical features because not enough time has elapsed between the time of injury and 
when cerebral blood flow ceased to allow the pathological features of hypoxic— 
ischemic injury to emerge. 

The distribution in the brain and spinal cord of ischemic neuronal necrosis is highly 
variable but two patterns are evident: diffuse or widespread ischemic neuronal necrosis 
(indicative of global failure of cerebral perfusion and classed as hypoxic—ischemic 
encephalopathy) or focal or multifocal ischemic neuronal necrosis (typically complicat- 
ing other primary and secondary causes of TBI). 

In cases of old selective neuronal necrosis, the brain is usually grossly normal or 
slightly atrophic, the corpus callosum may be narrow because of loss of myelinated 
fibers, and the sites of neuronal necrosis are recognized under the microscope by their 
astrocytic gliosis and dearth of neurons. 


6.3.3.2. DENSE OR DARK NEURONS AND SUBICULAR DUSKY RED NEURONS 


Neurons with dense or dusky cytoplasm (“dense” or “dark” neurons) are common 
nonspecific features in brain injury, possibly as a consequence of mechanical distortion 
of the nerve cells (because of handling of the brain after death or massive mechanical 
perturbation of the brain following, for example, a fall), which should not be confused 
with ischemic neuronal necrosis (Fig. 34). The etiology of these neurons remains enig- 
matic but evidence from animal studies suggests that they are not always artifacts, they 
occur immediately after an injury, and they do not necessarily indicate a fatally injured 
neuron (/56—158). 

Another potential source of confusion is the finding of clusters of elongated 
duskily hypereosinophilic (dusky red) neurons with open vesicular nuclei, which on 
cursory inspection resemble ischemic neuronal necrosis, at the junction between sector 
CA1 of Ammon’s horn and the subiculum and in the subiculum of patients who die sud- 
denly for various reasons, including “healthy” individuals who die suddenly, unexpect- 
edly, and inexplicably (Fig. 35). These may be of similar pathogenesis to dense neurons, 
their location merely reflecting “selective vulnerability” of subicular neurons for what- 
ever is the cause of the dense or dark neuronal changes. 


6.3.3.3. HYPOXIC—ISCHEMIC PAN-NECROSIS 


The same comments regarding the delay after injury in the appearance of the micro- 
scopic features of selective neuronal necrosis apply to the evolution of the gross and 
microscopic features of pan-necrosis. The first gross evidence of pan-necrosis is local- 
ized swelling and discoloration. Eighteen to 24 h after injury the necrotic area is soft and 
at around 2 to 3 d after injury handling of the tissue during brain slicing causes grossly 
visible artifactual cracks to appear at the border between necrotic and intact tissues. The 
dead tissue is gradually resorbed over weeks to months and a complex area of gliosis and 
cysts appears. Under the microscope necrosis of all tissue elements is recognizable 12 to 
18 h after injury and is followed by a similar sequence of events to those described for 
contusions (see Subheading 5.3.). 
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Fig. 35. Subicular “dusky red” neurons. (A) Dusky red neurons of indeterminate origin, 
such as these, are often found at the junction between sector CA1 of Ammon’s horn and 
the subiculum and in the subiculum in individuals who die suddenly and unexpectedly of 
various (including undetermined) causes. The arrow indicates a glancing section through 
a normal neuron (H&E: X40 objective). (B) This photomicrograph, also from the subicu- 
lum, shows the features of ischemic neuronal necrosis. In contrast to the dusky red subic- 
ular neurons illustrated in (A), the neurons in this section are more shrunken, their 
cytoplasm is more evenly and brightly eosinophilic, and their nuclei are more pyknotic. 
There is a greater degree of perineuronal vacuolation and the backround brain tissue dis- 
plays fine microvacuolation (H&E: X40 objective). 


6.4. Traumatic Brain Swelling 


Brain swelling is common in TBI. It occurs in focal areas of brain injury, espe- 
cially around contusions and intracerebral hematomas, and in association with 
hypoxic—ischemic injury. More extensive brain swelling occurs without other obvious 
structural brain damage in the cerebral hemisphere ipsilateral to a peridural hematoma 
or, particularly in childhood and adolescence, in one or both cerebral hemispheres, 
sometimes after an apparently relatively minor impact to the head and without evidence 
of other brain injuries (J59—/6/). Brain swelling under a subdural hemorrhage becomes 
particularly evident after surgical removal of the hematoma, when the swelling may 
cause the brain to herniate through the craniotomy site. 

The pathogenesis of the various patterns of traumatic brain swelling has not been 
clearly defined, particularly with respect to whether it is caused by vasodilation secondary 
to loss of cerebrovascular autoregulation (i.e., congestive brain swelling) or to an increase 
in brain water content (i.e., cerebral edema), or both (52). Rapid development of brain 
swelling within minutes to a couple of hours after injury is likely to be congestive (52,159), 
whereas swelling of the brain hours to a couple of days after injury in cases with obvious 
disruption of the brain tissues or severe hypoxic—ischemic brain injury is likely to be caused 
by cerebral edema (52). 


6.4.1. Pathology 


The early pathological features of brain swelling are flattening of the surfaces of 
the gyri and narrowing, or effacement, of the sulci. The overall effect of brain swelling 
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Fig. 36. Transtentorial herniation caused by brain swelling. (A) Bilateral grooves, caused 
by impingement of the brain on the edges of the tentorium cerebelli, of the medial 
temporal lobes are crossed at multiple points by branches of the posterior cerebral arter- 
ies (PCA; white arrows). (B) Acute bilateral hemorrhagic infarcts in the occipital PCA 
territory (black arrows) caused by transtentorial herniation and occlusion of branches of 
the PCA. 


is to impose a smooth, flat outline on the normal undulations of the surface of the cere- 
bral hemisphere, which is particularly evident in brain slices where the outline of the 
cerebral hemispheres resembles the smooth outer surface of a crash helmet (Fig. 33). 
Brains from young adults normally appear “full” and it is sometimes difficult to be sure 
whether or not there is brain swelling. 

Brain swelling also causes narrowness of the cerebral ventricles and, when it is 
localized, displacement of swollen areas of the brain into adjacent intracranial compart- 
ments (herniation). Accordingly, if the cerebral hemispheres swell, the medial edges of 
the unci, the parahippocampal gyri, and the basilar temporal and occipital lobes are 
pushed into the tentorial incisure, onto the edges of the tentorium cerebelli, causing the 
formation of a groove along the site of impingement between the brain and the edge of 
the dura. Early in this process the only evidence may be a prominent groove in each of 
the unci (Fig. 33). Microscopic demonstration of neuronal distortion, ischemic change, 
or necrosis at the edges of the indentation, which are sensitive indicators of significantly 
raised intracranial pressure (5/), is essential because indentations of the unci without 
histological changes are normal findings in many individuals. 

Progressive brain swelling forces the medial temporal regions into the posterior 
cranial fossa (uncal or transtentorial herniation) and branches of the posterior cerebral 
artery are trapped between the swelling hemispheres and the edge of the tentorial 
incisure (Fig. 36A). Occlusion of these vessels leads to infarcts in the distribution terri- 
tory of the posterior cerebral artery. The infarcts are hemorrhagic because of intermit- 
tent restitution of blood flow through the injured brain, in part owing to clinical attempts 
to reduce brain swelling (Fig. 36B). It is useful, after the brain is fixed, to remove the 
brainstem and attached cerebellum, before the cerebral hemispheres are sliced, to 
expose the basal temporal and occipital lobes and any evidence of transtentorial herni- 
ation that is concealed by the cerebellum. 
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Fig. 37. Effects of brain swelling on the brain stem and cerebellum. (A) Basilar view of 
cerebellum showing prominent molded cerebellar tonsils (arrowhead) and tonsillar necro- 
sis (arrow). (B) The white arrows indicate prominent cerebellar tonsils, viewed from the 
dorsal aspect. (C) The white asterisk marks an area of necrosis of the cerebral peduncle 
(Kernohan’s notch), which occurs contralateral to a swollen hemisphere, creating motor 
signs on the same side as the swollen cerebral hemisphere (false localizing signs). 
(D) Secondary (Duret) brainstem hemorrhages. (E) There is a contusion in the oculomotor 
nerve (arrow) where it crossed the edge of the tentorium cerebelli, accounting for ipsilat- 
eral mydriasis (“blown pupil”) caused by transtentorial herniation. A midline, linear sec- 
ondary hemorrhage is also present. 


The caudal displacement of the cerebral hemispheres caused by brain swelling also 
leads to stretching and distortion of the midline structures, including the thalamus and 
brainstem. In coronal slices of the brain the thalamus appears lower than it should be (cen- 
tral herniation) and, in the case of the brainstem, external examination may give an impres- 
sion of angulation or “buckling” of the pons on the medulla, because of the limited space 
in the posterior fossa. The effect of the buckling, and the fact that the posterior cerebral 
arteries and, consequently, the basilar artery, are held in place at the edge of the tentorial 
incisure, leads to traction on, and tearing of, the small penetrating arteries of the brainstem 
that branch off the basilar artery and subsequent brainstem hemorrhages (and, sometimes, 
infarction). These secondary (Duret) hemorrhages are characteristically prominent in the 
rostral pontine midline or throughout the pontine and midbrain tegmentum (Figs. 37 and 
38; ref. 1/47), and in severe cases they may extend into the fourth ventricle (Fig. 38). 

Continued descent of the cerebral hemispheres and compression and swelling of 
the contents of the posterior fossa force the medial caudal region of the cerebellum 
through the foramen magnum (tonsillar herniation), causing the cerebellar tonsils to 
mold to the shape of the foramen magnum and then, as the process continues, to become 
necrotic (Fig. 37; see also Fig. 23). In established cases of tonsillar herniation, necrotic 
cerebellar tonsillar tissue may fragment and fall into the spinal subarachnoid space, 
sometimes passing as far caudally as the lumbar cistern. If there is no grossly dis- 
cernible necrosis of the cerebellar tonsils but the degree of their prominence suggests 
molding owing to herniation, microscopic examination of them should be carried out to 
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Fig. 38. Brain swelling, secondary brainstem hemorrhage with intraventricular extension. 
(A) Marked midline secondary brainstem hemorrhage is present (which was secondary to 
a large acute left subdural hemorrhage). There is also unilateral transtentorial herniation 
(arrowheads) and branches of the posterior cerebral artery (e.g., arrow) cross the groove 
cause by the impression of the edge of the tentorial incisure. (B) A sagittal slice through 
the brainstem and cerebellar vermis from the same case as (A) shows extension of a sec- 
ondary brainstem hemorrhage (asterisk) into the fourth ventricle. 


demonstrate neuronal injury and petechiae in the vicinity because prominent cerebellar 
tonsils, like uncal grooves, are commonly observed in normal individuals. 

In cases of unilateral cerebral hemispheric swelling (e.g., under peridural hemor- 
rhages or with large unilateral contusions) the medial aspect of the swollen hemisphere 
is forced under the free edge of the falx (subfalcine or cingulate herniation), which can 
be detected before the brain is sliced by looking into the interhemispheric fissure. 
Subfalcine herniation is readily demonstrable when the brain slices are examined (Figs. 
11 and 12). Subfalcine herniation is also associated with narrowness of the lateral ven- 
tricles on the side of the swelling. 

In rare cases, large posterior fossa intracerebellar hematomas force the rostral 
cerebellum through the tentorial incisure (upward herniation), the risk of which is 
increased if intraventricular drains are inserted to control secondary hydrocephalus 
caused by cerebellar hemorrhages. 


7. MISCELLANEOUS FOCAL TBIS 


Tears at the root of the fornix and of the septum pellucidum are common in many 
types of craniocerebral trauma; they are presumed to reflect localized distraction 
between these delicate areas and the overlying corpus callosum (Fig. 39A,B). These 
injuries may be found in patients with minimal or no neurological signs and symptoms 
who die of systemic traumatic injuries. They are usually associated with small intraven- 
tricular hemorrhages that pool in the posterior horns of the lateral ventricles in supine 
patients. Old tears in the septum pellucidum are common incidental findings, especially 
in severe brain atrophy and in patients with old contusions, whether or not there is a 
known history of craniocerebral trauma. 
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Fig. 39. Other focal traumatic brain injuries. (A) Tear at the site of attachment of fornix to 
the corpus callosum (arrowhead). (B) Complete avulsion and displacement of septum pel- 
lucidum giving the impression of a single large central ventricle (asterisk). (C) Tear at the 
pontomedullary junction with minimal bleeding (arrow). (D) A sagittal slice through the 
brainstem and cerebellar vermis illustrated in (C) shows an incomplete pontomedullary 
tear (arrow). 


Tears (rents) of the ventral pontomedullary junction arise in cases of neck hyper- 
extension and skull base impacts, particularly after motorbike injuries (Fig. 39C,D) 
(10,23,162,163). They occur in approx 4% of cases of fatal road traffic accidents and, 
although most victims die before they reach the hospital, some survive for weeks or 
months (/64). In most cases there is evidence of a facial impact, cerebellar lacerations 
are often present, and traumatic cerebral hemispheric lesions are found in about 50% of 
cases. High cervical injuries occur in the minority of cases, and are usually atlanto- 
occipital dislocations or fracture dislocations between the first (C1) and second (C2) 
cervical vertebrae. 


8S. VERTEBRAL AND SPINAL CORD TRAUMA 


8.1. Practical Aspects of Investigation of Vertebrospinal Trauma 


The postmortem examination of the spinal column and spinal cord is an awkward 
and potentially protracted procedure. The following are general comments concerning 
the examination of the spine in the autopsy room (various complex and detailed meth- 
ods for excision and slicing of spinal elements are described but impractical for general 
forensic pathology practice /165,166/): 

¢ Gross examination of the spinal column in situ is an insensitive method of demonstrat- 
ing vertebral fractures and spinal ligamentous injuries. 

¢ The most sensitive clinical method for demonstrating a vertebral fracture is premortem 
CT scanning. Premortem MRI scanning is a sensitive method for detecting ligamentous 
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and other soft tissue injuries, which indicate the possibility of a fracture in the adjacent 
vertebrae (e.g., /167/) and, with technological improvements, it is likely that MRI will 
become progressively more accurate in determining the nature and extent of spinal 
injuries and begin to play a role in the postmortem examination of the spinal cord (ref. 4; 
see also Chapter 1, Subheading 6.2.). Premortem CT and MRI findings should therefore 
form an important part of the assessment by the pathologist of cases of suspected verte- 
brospinal injuries. 

Radiographs of the neck, with extension and flexion views, should be carried out in all 
cases of suspected cervical spinal injury in which detailed premortem neuroimaging has 
not been performed (/68). However, these radiographs will fail to detect many verte- 
bral fractures (166,169). 

The spinal cord should be removed via a dorsal approach when there is a likelihood of 
spinal injury. If a rostral cervical injury is suspected the spinal dissection should be per- 
formed before the brain is removed. It is helpful to move the body so that the head is 
over the end of the autopsy table and the neck can be flexed, straightening the cervical 
curvature. 

The location of hemorrhage in the perivertebral soft tissues indicates the possibility, and 
approximate site, of a ligamentous or vertebral injury. 

Other clues suggestive of a cervical vertebral injury include unexplained bleeding in the 
prevertebral neck musculature, observed as the larynx is dissected, and, if the brain is 
removed before the spinal cord, drainage of heavily bloodstained cerebrospinal fluid 
from the spinal canal. 

If the brain is removed before the spinal cord, the possibility of a rostral cervical verte- 
bral fracture can be crudely assessed by inspecting the spinal canal through the foramen 
magnum to ensure that the occipital condyles and the first and second cervical verte- 
brae are aligned and by manipulating the head with a finger placed in the foramen mag- 
num to detect roughened edges of a fractured vertebra, bony crepitus, or narrowing of 
the spinal canal when the head is moved. 

The segmental level of a spinal cord lesion is determined by counting the nerve roots 
from the spinomedullary junction downward. Alternatively, the cervical expansion is 
usually easy to see and can be used to “set” cord cervical level 5 (C5) to cord thoracic 
level 1 (T1) (in rare cases the brachial plexus starts one segment below [“postfixed”’] or 
one segment above [“‘prefixed”’] its normal level). 

In cases of suspected vertebral artery dissection or tears the vertebral arteries must be 
exposed, particularly their course in relation to the first and second cervical vertebrae 
(refs. 170-172; see Chapter 10, Subheading 4.2.). 


8.2. Pathogenesis and Classification of Vertebral Fractures 


Forces acting on the vertebral column are rotational (accounting for flexion, exten- 
sion, lateral flexion, and torsion) and linear (causing a pushing together [compression], 
a pulling apart [distraction], and a sliding across [translation] of various parts of the ver- 
tebral column //73/). These forces, acting in isolation or, more commonly, together, are 
either physiological, or, when they exceed the physical limits imposed by various 
anatomical structures, pathological. Exposure of the spinal column to pathological 
forces leads to tearing of perivertebral soft tissues, vertebral subluxation, vertebral 
fractures, and spinal cord injury (SCI). There are a few principles that should be remem- 
bered when the possibility of fatal vertebrospinal trauma is under consideration: 

¢ Vertebral fractures are not invariably associated with spinal cord or nerve root injury. 
¢ Vertebral fractures are frequently associated with injuries to the cranium and brain. 
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¢ Vertebral fractures are accompanied by ligamentous tears, which render the fracture 
unstable and account for fracture—dislocations and consequent SCI. 

e Ligamentous tears occur in the absence of a vertebral fracture and are associated with 
fatal SCI. 

e Asymmetric vertebral fractures indicate an injury occurring during rotational or lateral 
flexion. 

¢ The distinctive anatomy in comparison with the rest of the vertebrae of the atlanto-occipital 
and atlantoaxial articulations causes patterns of vertebral injury peculiar to these vertebrae. 

¢ Specific patterns of fracturing indicate, but do not prove, the mechanism of injury. 

¢ In simple terms vertebrospinal injuries can be categorized, irrespective of their site and 
causation as follows (174): 
o Fracture of the vertebral body or posterior elements without subluxation. 
e Fracture with subluxation. 
e Subluxation without fracture. 
© SCI without radiographic evidence of fracture or subluxation. 


There are numerous classification schemes for vertebral fractures that rely heavily 
on neuroimaging findings (/73,/75—178). They reflect the complexity and variety of 
fractures, and many classification systems have been developed by orthopedic surgeons 
and neurosurgeons to determine what pattern of fractures should be stabilized opera- 
tively and what type of fracture should be treated conservatively. 

Certain patterns of injury recur frequently and include: 

¢ Flexion injuries 

o Pure flexion injuries cause compression of the ventral components of the vertebral 
column (compression fracture) and distraction of the dorsal elements (leading to tear- 
ing of the interspinous ligaments and posterior longitudinal ligament, and facet dis- 
location or fracture). 

o In unstable fractures the vertebra above the torn soft tissues moves ventrally on the 
vertebra below (fracture—dislocation), which causes compression of the spinal cord 
between the lamina of the rostral vertebra and the posterior part of the body of the 
caudal vertebra. 

o If this sequence of events includes a rotational component an asymmetric fracture 
dislocation with preservation of one of the joint facets may occur. 

o In some cases, a bilateral fracture of the pedicle of the rostral vertebra may prevent 
spinal cord compression because only the vertebral body moves forward so that 
crimping of the spinal cord is avoided. 

e Extension injuries 

o The sequence of events in forcible extension causes tearing of the anterior longitudi- 
nal ligament, avulsion of the intervertebral disk (which may tear a small fragment off 
the vertebral body above the tear), tearing of the posterior longitudinal ligament, frac- 
ture or dislocation of the articular facets, and fracture of the pedicle, leading to a frac- 
ture dislocation (Fig. 40). 

¢ Compression injuries 

o The application of pure compressive force through axial loading of the vertebral 
column—for example, during a fall on the vertex of the head or on the buttocks— 
causes, in order of increasing severity, a compressive fracture of the vertebral body, 
comminution of the vertebral body fracture, and fractures of the pedicles (burst 
fractures). 

o The risk of this process is increased when the vertebral body is weakened by osteo- 
porosis or a metastasis. 


Chapter 9/Craniocerebral and Vertebrospinal Trauma 577 


Fig. 40. High cervical vertebral injuries. (A) Atlanto-occipital dislocation (lateral plain film). 
The white arrowheads indicate the ventral margin of the spinal canal, which should be 
aligned with the centre of the occipital condyle (black arrowhead). The large arrow indi- 
cates the forward direction of movement of the head on the atlas (C1), causing the spinal 
cord to be crimped between the dorsal margin of the foramen magnum above the site of 
dislocation and the ventral margin of the spinal canal below the dislocation site. Note also 
the widening of the gap between the atlas and the skull base. (Courtesy of Dr. D. Lee, 
London Health Sciences Centre, London, Ontario, Canada.) (B) Atlanto-axial dislocation 
(CT lateral “scout” film). The odontoid process (outlined) is displaced forward and lies at an 
angle because of a type 2 odontoid fracture. The atlas has moved forward, in the direction 
indicated by the large arrow, causing the spinal cord to be crimped between the arch of the 
atlas above and the dorsal margin of the vertebral body of the axis below. The ventral mar- 
gins of the spinal canal are indicated by the white arrowheads and the dorsal margins by 
the black arrowheads. Note the marked step deformity between cervical vertebrae 1 and 2 
in the line of the ventral margin of the spinal canal. An endovascular catheter is indicated 
by an asterisk. (Odontoid fractures occur in the body [type 1] or base of the odontoid 
process [type 2] or in the body of the axis at the base of the odontoid process [type 3]) 
(Courtesy of Dr. D. Lee, London Health Sciences Centre, London, Ontario, Canada.) 


e Displacement of bone fragments from these fractures may compress the spinal cord. 

o In the case of the first cervical vertebra a similar force fractures the anterior and pos- 
terior laminae (Jefferson fracture). 

e Compressive forces often occur in conjunction with flexion forces. 


8.3. Categorization of Spinal Injuries Encountered in Autopsy Room 
Cases of vertebrospinal injuries encountered in the autopsy room fall into one of 
three categories: 
¢ Fatal atlanto-occipital and rostral cervical injuries. 


¢ Cervical, thoracic, and lumbar spinal injury in patients who die of complications of the 
SCI or of unrelated causes. 
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¢ Vertebrospinal injury as one of a constellation of traumatic injuries in victims of severe 
multiple trauma. 
In general, vertebrospinal injuries, irrespective of etiology, are more common 
in the cervical and lumbar regions than in the thoracic area because of the additional 
support provided to the latter by the rib cage (/79). 


8.4. Cervical Fractures 


Radiographic evidence of cervical spine injury in 34,069 emergency department 
patients with blunt trauma was found in 2.4% of cases (/S0). In these 818 patients: 


One-third of the injuries were trivial. 

The most common site of fracture was the second cervical (C2) vertebra (of which 32% 
were odontoid fractures). 

The third cervical (C3) vertebra was least likely to be fractured. 

Thirty-nine percent of the fractures occurred in the sixth cervical (C6) and seventh cer- 
vical (C7) vertebrae. 

The cervical vertebral body was the most common location of a fracture in a given 
vertebra. 

Fracture—dislocations were most likely between the C5 and C6 vertebrae and between 
the C6 and C7 vertebrae, and least likely at the atlanto-occipital junction and between 
the C7 vertebra and the T1 vertebra. 


In children, approx 2% of all pediatric trauma cases admitted to the hospital have 
injuries to the cervical spine. Thirty percent of these cases are fatal; most of these fatalities 
are caused by motor vehicle accidents and are associated with other brain injuries (/8/). 

In contrast to these clinical observations, at least 25% of patients involved in road 
traffic accidents who are dead at the scene or dead on arrival at the hospital have neck 
injuries (/68,/82,/53). Most cervical injuries are caused by accidents involving motor 
vehicles, including pedestrians struck by a motor vehicle. These injuries are more likely 
to occur in drivers of motor vehicles who are not wearing a seat belt than in those who 
are. The majority of neck injuries are lesions of the craniocervical junction or the first 
and second cervical vertebrae (Fig. 40). Common fatal rostral cervical lesions include: 

e Atlanto-occipital dislocation (an extension injury, rarely associated with fracture of the 
C1 vertebra, characterized by tears of various alar ligaments and anterior displacement 
of the skull in relation to the axis; see Fig. 40A; and refs. 184 and /85). 

¢ Atlantoaxial dislocation, including: 

o A flexion injury causing rupture of the ligaments of the odontoid process (/86) or a 
fracture of the base of the odontoid peg, allowing the head and the atlas to move ven- 
trally in relation to the axis (Fig. 40B). 

o An extension injury causing a fracture the odontoid peg and allowing posterior 
dislocation of the atlas on the axis and fractures of C2 (of which the most common is 
the “hangman’s fracture,” caused by a bilateral fracture of the pedicle or pars inter- 
articularis of the C2 vertebra, allowing displacement of the body of C2 on C3; see 
Chapter 3, Fig. 36; and refs 168, 182, 183, and 187). 

Most of these injuries are associated with severe retropharyngeal hemorrhage and 
swelling. 

Although rostral cervical injuries are frequently associated with skull and brain 
injuries (including skull fractures, cerebral contusions, and various intracranial hematomas 
[181,182,185, 18S—190]), a head impact is not necessary for a fatal cervical spinal injury 
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to occur (1/87) although abrupt and extensive movement (whiplash) of the neck is invari- 
able (Chapter 8, Fig. 81). High cervical injuries are also sometimes accompanied by 
blunt force injuries to the mandible (/83,/59,/9/,192), but this may be, at least in some 
cases, a coincidental association against a background of multiple trauma (/93,/94). 
Deployment of airbags causes high cervical fractures if the subject is sitting too close 
to the air bag (see Chapter 8, Subheading 14.2., Fig. 64; and refs. /95 and /96). 

In comparison with high cervical trauma, injuries to the low cervical spine are 
more common in clinical practice, as noted above, but less often fatal, the latter because 
the diaphragmatic motor supply from spinal cord levels C3, C4, and C5 is partly or 
completely spared and concomitant brain injuries are not as common as with higher cer- 
vical lesions (/90). Accordingly, these injuries are less frequently encountered by a 
pathologist than are high cervical injuries, but, when they are, they are likely to be at 
least days to weeks old. Midcervical and low cervical injuries are usually not the direct 
cause of death, but their contribution to death is obvious (e.g., pulmonary embolism 
because of immobility and septicemia secondary to urinary sepsis). Although they occur 
in motor vehicle accidents, they are more typical of falls, assaults, and sporting acci- 
dents. Lower cervical hyperextension injuries may be associated with evidence of blunt 
force injury to the upper face (/92), in contrast to the putative association between 
mandibular injuries and occipital and high cervical fractures described previously. 


8.5. Thoracic Fractures 


Thoracic vertebral fractures and thoracic SCIs are less common than correspon- 
ding injuries lumbar and cervical because of the relative spaciousness of the spinal canal 
compared with the spinal cord at this level and the mechanical support provided by the 
costochondral articulations and the rib cage. Accordingly, considerable force is required 
to produce thoracic fractures, which, because rotation of the thoracic column is limited, 
occur as a consequence of flexion or axial loading, leading to compression fractures 
(197). Loading of the upper thoracic vertebrae can cause an indirect sternal fracture, 
which is characterized by posterior displacement of the upper sternal fragment relative 
to the lower sternal fragment (in contrast to the effects of a sternal impact from, for 
example, a steering wheel, which causes the converse relative positioning of the fracture 
ends; see Chapter 8, Subheadings 6.1., 14.1.). Thoracic fractures are more often multi- 
ple than are lumbar and cervical fractures (and correspondingly they are associated with 
SCI at multiple sites [see Subheading 8.8.]), concomitant fractures of the posterolateral 
and posteromedial ribs may occur, and the detection on plain chest films during the 
management of the patient of bleeding into the ventral paravertebral soft tissues may 
cause widening of the mediastinum and the incorrect diagnosis of a ruptured aorta (/98). 


8.6. Lumbar Fractures 


Fractures in the lumbar region include wedge fractures, the most common type in 
clinical practice, and burst fractures (both types caused by hyperflexion and compres- 
sion forces), seat belt fractures (which occur in road traffic accidents when the trunk is 
not restrained by a diagonal shoulder belt, allowing hyperflexion of the lumbar spine 
around the anteriorly located fulcrum of the seat belt), and fracture—dislocation 
(the most common fracture of the thoracolumbar junction) (see Chapter 8, 
Subheading 14.2.). Wedge fractures are characterized by compression of the ventral 
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lumbar vertebral body, with preservation of the posterior interspinous ligaments, which 
prevents retropulsion of the vertebral body. Burst fractures affect the dorsal vertebral 
body and posterior spinal ligaments, and there is variable involvement of the compo- 
nents of the vertebral arch. The anterior location of the fulcrum of movement in lap-belt 
injuries causes a complex pattern of injury, including posterior separation or distraction 
of lumbar vertebrae, ligamentous disruption, and fractures of various elements of one 
and sometimes more than one lumbar vertebra. Fracture dislocations of the lumbar 
vertebrae characteristically occur at the thoracolumbar junction and appear as 
ventral displacement of thoracic vertebra 12 (T12) relative to lumbar vertebra | (L1) 
(173,178,198). 


8.7. Traumatic SCIs Without Vertebral Fractures 


SCI associated with trauma can occur without neuroimaging evidence of a frac- 
ture or soft tissue injury (SCI without radiographic abnormality) , particularly in adults 
whose spinal canal is congenitally narrow or narrowed by spondylosis or ossification of 
the posterior longitudinal ligament (/99). These injuries are more likely to occur in 
extension because of the greater degree of narrowing of the spinal canal that occurs dur- 
ing this movement than during flexion. In children a similar phenomenon occurs during 
flexion, extension, and distraction of the spinal column, owing to the greater elasticity 
of pediatric soft tissues, and, in many cases, mild neurological symptoms at the time of 
trauma are the only sign that a severe traumatic myelopathy will emerge up to 4 d later 
(refs. 200 and 20/; see also Chapter 10, Heading 8.). Patients who are comatose for a 
long period with their neck in flexion may also develop a traumatic myelopathy with- 
out evidence of soft tissue injury or a vertebral fracture (202). 


8.8. Traumatic SCI 
§.8.1. Pathogenesis 


The principal cause of SCI is mechanical compression of the spinal cord because 
of a fracture—dislocation during which loss of stability leads to the movement of one ver- 
tebra relative to an adjacent vertebra. As a consequence, the spinal cord is “pinched” 
between the dorsal surface of the body of one vertebra and the ventral surface of the lam- 
ina of the adjacent vertebra. The effects of these intrusions into the spinal canal are exac- 
erbated by pre-existing narrowing of the spinal canal, including congenital narrowing 
and, in the elderly, osteoarthritis and other degenerative vertebral diseases. In some cases 
stretching of, or percussion damage to, the cord is another explanation for cord injury, 
particularly in cases in which unstable fractures and/or ligamentous tears cannot be 
demonstrated. 

Whatever is the primary cause of SCI, a series of secondary events, including 
inflammation and ischemic injury, exacerbate the consequences of the primary injury and 
it is toward mitigating these that many treatment strategies are directed (203). 
Deterioration in spinal cord function soon after injury occurs in a few cases owing to fur- 
ther displacement of an unstable fracture during therapeutic manipulation (usually within 
24 h of injury), hypotension secondary to neurogenic vascular instability induced by the 
SCI or other traumatic injuries (24 h to 7 d after injury), or vertebral artery occlusion 
because of involvement of the artery in its course through the neck by a vertebral injury 
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Fig. 41. Cervical fracture-dislocation, traumatic myelopathy (central gray necrosis pat- 
tern). (A) Fracture—dislocation through the lower body of C4 with a tear of the C4—C5 
intervertebral disc (arrow). (Courtesy of Dr. E. Tweedie, London Health Sciences Centre, 
London, Ontario, Canada.) (B) Horizontal slices of the spinal cord from the same case 
as (A) at the C4 level are labeled 1 through 4 in rostral to caudal order (bar = 1 cm). 
Localized necrosis of the central gray matter is apparent. (Courtesy of Dr. L. C. Ang, 
London Health Sciences Centre, London, Ontario, Canada.) 


(204). Deterioration in spinal cord function unrelated to evolving spasticity that occurs 
weeks, months, to years after injury is caused by cystic expansion (at the site of SCI and 
with rostral or caudal extension of the cyst—i.e., a syrinx), progressive deformation of the 
spinal canal secondary to a fracture, or superimposed degenerative vertebral disease (205). 


8.8.2. Pathological Features 


The appearance of the gross and microscopic abnormalities in the injured spinal 
cord is similar irrespective of the pathogenesis and site of the injury. 


8.8.2.1. GRoss FINDINGS 


The dura is not usually torn in vertebrospinal injury, but the site of the SCI is indi- 
cated by peridural hemorrhage in acute cases and focal narrowing or slackness of the 
dura in chronic cases. The gross and microscopic appearances of the injured spinal cord 
depend on the age of the lesion, the severity of injury, and whether the pia is preserved. 
When the pia is intact, no gross abnormalities may be seen if death occurred at the time, 
or within minutes, of injury. In these cases reliance should be placed on the location of 
vertebral and perispinal injuries as a rough guide to the location of a SCI. This problem 
is usually encountered in cases of atlanto-occipital or atlantoaxial dislocation without 
cord transection. 

Within a short period (up to a few hours) after injury the spinal cord becomes 
swollen, discolored, and hemorrhagic. Later, resorption of injured tissues causes soften- 
ing and atrophy of the injured cord. Less severe older injuries may be more readily pal- 
pated than seen, because of their softness. If the pia has been torn, there will be an 
impression of separation of the torn ends of the cord, which remain more or less 
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Fig. 42. Traumatic myelopathy (maceration pattern). Transverse hemorrhagic tearing (mac- 
eration) marks the center of the lesion (arrowhead). Pencil-shaped necrosis is present in 
two rostral slices (arrows). 


Fig. 43. Multifocal thoracic traumatic myelopathy. Transverse hemorrhagic tearing at T2 
(maceration pattern) and central gray necrosis at T6 are a consequence of multiple tho- 
racic fractures. Linear unilateral hemorrhagic necrosis lies in a posterior horn between T3 
and T4. Pencil-shaped necrosis is present between T5 and T6 (arrows). 
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tenuously attached by bands of residual CNS tissue that are readily disrupted when the 
cord is handled. 

In horizontal slices the spinal cord on either side of the separated area will show 
similar gross abnormalities to those seen in cases in which the pia is preserved. These 
changes in acute cases are principally hemorrhagic disruption and tearing of the injured 
tissue (Figs. 41—43) and, in older injuries, various degrees of cystic degeneration. The 
changes extend for one or two segments on both sides of the center of the lesion, the lat- 
ter being defined simply as the area where the abnormalities are most prominent. The 
center of the lesion will roughly correspond in geographic position (but not in segmen- 
tal level because of the rostralward precession of the cord segmental levels relative to 
the vertebral segmental levels such that the sacral spinal cord segments lie at the level 
of vertebrae 1 or 2) to the site of vertebral or perivertebral soft tissue injuries. The spa- 
tial association between the cord and bony injuries is not precise because of the relative 
movement of the spinal cord with respect to the vertebrae, particularly in the more 
mobile areas of the vertebral column. 


8.8.2.2. MicRoscoPic FINDINGS 


If death occurs within minutes of a SCI the characteristic features at the site of 
injury include dilation of the blood vessel profiles, petechial hemorrhages (particularly 
in the gray matter), and haphazard focal alteration in the orientation of bundles of nerve 
fibers in the white matter columns. After a few hours, the petechiae become more pro- 
nounced and more extensive, and the spinal motor neurons show ischemic neuronal 
necrosis (see Subheading 6.3.3.1.) or chromatolysis (characterized by dispersal of Nissl 
substance, cytoplasmic hypereosinophilia, and displacement of the nucleus to one side 
of the cell). Neutrophils enter injured tissue at around 24 to 36 h after injury (206), and 
macrophages at about 5 d. “Activated” microglia are readily seen in CD68 immuno- 
labeled sections as cells with multiple blunt processes and rounded cell bodies as 
opposed to the elongated appearance of “resting” microglia. 

The appearance of activated microglia and macrophages marks the beginning of 
tissue resorption so that progressively more marked cystic change appears. Debris-laden 
macrophages remain for many years. The distribution of acute and chronic inflamma- 
tory cells is almost always patchy, although macrophages show a predilection for the 
margins of necrosis. Lymphocytes are sparse and inconspicuous. Axonal swellings 
develop with a time course similar to that associated with cerebral lesions, and astro- 
cytic activation is detectable within a week or so of injury. BAPP-immmunopositive 
axonal abnormalities are also found at a distance from the SCI (/62). The significance 
of this finding is unknown but it may represent either diffuse spinal traumatic axonal 
injury, by analogy with the diffuse effects of trauma on brain axons, or ongoing trau- 
matic primary and transneuronal tract degeneration. 

With long survival and after severe disruption of spinal cord tissue, fibrosis of 
the injured area occurs, particularly when the pia has been breached, and growth of 
Schwann cells and regenerating peripheral axons into the injured areas forms a pattern 
reminiscent of a traumatic neuroma. 

At a distance from the spinal cord lesion, weeks to months after injury, there will 
be readily visible degeneration of the corticospinal tracts below the lesion and of the 
spinothalamic tracts and posterior columns above the lesion. The first sign of tract 
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degeneration with routine methods is the appearance of scattered debris-laden 
macrophages in the tracts. Subsequently there is progressive loss of myelinated axons, 
causing pallor of the tracts in sections stained with a myelin stain. 


8.8.3. Patterns of Traumatic SCI 


The cross-sectional distribution of changes in the most severely affected part of 
the spinal cord is highly variable, so much so that there is some justification in consid- 
ering each SCI as unique in terms of its appearance. In general, in the most severe 
injuries, there is loss of continuity of CNS tissue (207). In many cases, however, a 
narrow, often incomplete rim of subpial tissue, including myelinated fibers, will be 
apparent around an extensive area of necrosis (in acute cases) or complex gliovascular 
cysts (in chronic cases) (208). Lesser injuries show a haphazard and asymmetric 
distribution of necrosis or cystic degeneration. White matter axonal injury predomi- 
nates, suggesting a form of localized spinal traumatic axonal injury, in cases of “acute 
traumatic cervical central cord syndrome,” characterized clinically by disproportionate 
weakness of the arms compared with the legs after a neck injury, pre-existing narrow- 
ing of the spinal canal by degenerative bone or disk disease, and, usually, no evidence 
of a cervical fracture (207,209-211). 

Despite the variability in their appearances, traumatic spinal cord lesions can be 
broadly classified (207) as contusion/cyst (an impact injury or brief compressive injury 
in which the pia is intact), maceration (an injury caused by extensive tearing of the 
spinal cord in cases of fracture—dislocation; Figs. 42, 43), laceration (restricted to 
penetrating and perforating spinal column injuries, usually caused by gunshot wounds) 
and solid cord injury (associated with the acute traumatic cervical central cord 
syndrome). In addition, in some cases of maceration necrosis predominates in the cen- 
tral gray matter (central gray necrosis), a pattern more characteristic of hypotensive 
vascular injury to the spinal cord (Fig. 41). Ventral midline spinal contusions, some- 
times associated with a pontomedullary tear, may be a manifestation of a high cervical 
hyperextension or torsion injury, especially in children (Fig. 44). Early selective loss 
of myelin from axons that remain intact (demyelination) and subsequent remyelination 
(with the theoretical possibility of improvement in spinal cord function) is also a 
feature of SCI (207,208). 


8.8.4. Pencil-Shaped Necrosis (Longitudinal Spreading Lesion) 


A common finding associated with thoracic and low cervical traumatic SCI is a 
core of necrotic tissue with an oval or circular cross-sectional profile (“pencil-shaped 
necrosis,” “longitudinal spreading lesion”) that is usually above but continuous with the 
cord lesion (Figs. 42 and 43). It is localized to the ventral part of the posterior columns 
or unilaterally to a posterior horn and it may extend for several cord segments. No cel- 
lular reaction is seen in the adjacent white matter, but a rim of macrophages may be vis- 
ible at the margin of the necrosis. The pathogenesis of pencil-shaped necrosis and 
its medicolegal significance are unknown, but the necrosis appears to be a direct conse- 
quence of vertebrospinal trauma as opposed to an artifact (2/2,2/3), and it can be repro- 
duced experimentally (2/4). The difference between pencil-shaped necrosis and the 
allegedly artifactual “toothpaste” lesions with similar morphology that are ascribed to 
careless handling of the spinal cord is a matter for conjecture (2/5,2/6). 
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Fig. 44. Pontomedullary tear and spinal cord contusion in a young child. (A) A ventral 
midline high cervical spinal cord contusion-laceration is indicated (arrow). (B) Sagittal 
and parasagittal slices of the medulla and brainstem shown in (A). The ventral spinal cord 
laceration is indicated by black arrows and a small pontomedullary tear by a white arrow. 


9, CRANIOCEREBRAL TRAUMA IN CHILDREN 


The pathology of craniospinal trauma in children is similar to that noted in adults 
(160). The exceptions include a predisposition to injuries of the occipitoatlantoaxial 
complex in children under 10 yr of age (/67), a greater risk of SCI without radiological 
abnormalities (174,217), localized indented skull vault depressions in infants as a con- 
sequence of birth injury, falls or motor vehicle accidents (“ping pong” fractures /2/8/), 
white matter tears in infants under 5 mo subjected to various types of head injury, par- 
ticularly nonaccidental injury (2/9), “growing fractures” after simple linear fractures of 
the skull vault (32,33), and a greater risk of fulminant brain swelling after relatively 
minor head injuries (J59—-/6/). 


9.1. Non-Accidental Injury in Infancy 


Infants who, based on medical evidence and witness testimony accepted by the 
courts, have been shaken, or whose heads have been subjected to inflicted blunt force 
injury, or both (i.e., nonaccidental injury [NAI]), show an “indicator” triad of abnormal- 
ities (Fig. 45), namely: 

¢ Intraretinal and periretinal hemorrhages, particularly in the peripheral retina. 

¢ Hemorrhages under, or in, the dura surrounding the optic nerve (retro-orbital perioptic 

subdural and intradural hemorrhages). 

¢ Intracranial subdural hemorrhages, which are often small, bilateral, occipital, and peri- 

falcine. 
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Fig. 45. Indicator triad in nonaccidental injury in infants. (A) Occipital subdural hemor- 
rhages (arrows). (B) The orbital plates have been removed to expose the globes and the optic 
nerves. Bilateral retrobulbar perioptic subdural hemorrhages are present (large arrows). The 
small arrow indicates the border between the hematoma (below) and a visible segment of 
the optic nerve (above). (C) Opened globe (cornea uppermost). Small ventrally located reti- 
nal hemorrhages, two of which are close to the ora serrata, are indicated (arrows; scale bar 
= 0.5 cm). (D) Photomicrographs illustrated a hematoma lying under the retina (H&E: left 
= X10 objective, right = 40 objective). 


This triad is inconsistently associated with evidence of hypoxic—ischemic 
encephalopathy (whose etiology is unproven), BAPP-immunopositive axonal changes 
(whose origin is controversial but which may at times be identical to traumatic axonal 
injury), and brain swelling. Brain swelling is often the final cause of death in these cases 
but its etiology may be uncertain or multifactorial. There are usually other injuries to 
the body, including multiphasic and multifocal cutaneous bruises, soft tissue injuries, 
and fractures of the ribs and limb bones. The discovery of an acute subdural hemorrhage 
in an infant should, therefore, always prompt the examination and removal of the eyes 
and optic nerves and consideration of the possibility of NAI. 

In practice, a spectrum of cases of suspected NAI is seen, ranging from cases with 
the indicator triad, severe brain swelling, and skin, soft tissue, and bony injuries to cases 
in which the sole findings are those of the indicator triad. Some authorities regard the indi- 
cator triad as unequivocal evidence of NAI and, even if there are no extracranial injuries 
or brain swelling, sufficient to account for the death of the patient. However, in this con- 
text and particularly if the autopsy findings are restricted to the indicator triad, the basic 
principles of pathology must be maintained in order to answer the key question: After a 
complete autopsy and metabolic and toxicological testing, is there sufficient evidence to 
provide a sound and unequivocal structural, metabolic, or toxicological cause of death? 
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Table 1 
Approach for Pathologists with Respect to Determination of Cause of Death in Cases 
of Suspected Nonaccidental Injury 


Nonfatal 
extracranial Factors that may 
Fatal injuries | Widespread or may not have 
brain typical of histological contributed to 
Triad present? swelling? NAI changes? — Cause of death death 
Yes No No No Undetermined? Craniocerebral 
trauma 
Yes Yes No Yes or no Craniocerebral None 
trauma 
Yes No Yes Yes Craniocerebral Extracranial 
trauma blunt force 
injury 
Yes No Yes No Undetermined? —Craniocerebral 
trauma, 
extracranial 
blunt force 
injury 
Yes Yes Yes Yes or no Craniocerebral Extracranial blunt 
trauma force injury 
No No Yes No Undetermined — Extracranial blunt 


force injuries 


“These changes are the histological features of hypoxic injury and axonal injury (whether believed to 
be ischemic or traumatic in nature). The changes must be so widespread and severe that it is “beyond rea- 
sonable doubt” to presume that they are the structural basis for fatal neurological dysfunction. 

> The presence in these cases of the “indicator triad,” the elements of which, by themselves, are not fatal 
injuries, supports the inference that significant or dangerous force has passed through the CNS, but the lack 
of brain swelling and widespread histological changes neither supports nor refutes this contention. Such 
dangerous force may be fatal if it disrupts the vital centers of the brain stem and rostral spinal cord. 
Assuming the existence of a causal link between the indicator triad and the death of the infant, the lack of 
structural evidence of disruption of neural tissues indicates either that death occurred before pathological 
evidence of CNS injury could develop (i.e., death occurred within 2 h of injury [relying on the evidence of 
BAPP immunohistochemistry — see Subheading 6.1.7.] or 6 to 12 h of injury [relying on the demonstration 
of axonal or ischemic neuronal injury using various histological techniques—see Subheading 6.1.3. and 
6.3.3.]) or that the percussive and other effects of the force responsible for the indicator triad are fatal with- 
out causing a structural correlate. The presence of the indicator triad and the death of the child are facts, 
but the conclusion that the indicator triad indicates the passage of inflicted deadly force through the CNS 
and, therefore, that craniocerebral trauma as the cause of death is a supposition. Whether or not this suppo- 
sition and the theory or theories on which it is based are reasonable should be decided in a court of law after 
all the evidence concerning the case has been weighed and debated. 


If there is insufficient evidence to answer this question in the affirmative, then the 
cause of death may be undetermined as far as the pathologist is concerned. Table 1 
provides an approach to classifying the cause of death in these cases. 


9.2. Isolated SDHs in Infancy 


All that should be said when gross or microscopic evidence of isolated sparse 
recent or old subdural bleeding is discovered in infants, in the absence of other evidence 
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of trauma, is that the bleeding has indeed occurred, that it has not directly contributed 
to the cause of death, and that although it may or may not be associated with NAI, 
peridural bleeding as a complication of birth is common and a small organizing 
hematoma from this source is a possible explanation. 


10. CRANIOCEREBRAL TRAUMA AND PITUITARY GLAND 


The pituitary gland and its coverings show several abnormalities in cases of 
craniocerebral trauma. Capsular hemorrhage occurs in 59% of cases (220), although it 
is also associated with any cause of acute SAH (220). Bleeding in the form of 
petechiae and, less frequently, larger hemorrhages, presumably distraction (stretching) 
injuries, occur in the pituitary stalk and neurohypophysis (in a ratio of 1 to 7 /220/) in 
45 to 48% of cases of craniocerebral trauma (220,22/), but traumatic hemorrhage in 
the adenohypophysis is rare (22/). Focal, multifocal or almost compete (massive) 
ischemic necrosis of the adenohypophysis happens (220,22/), particularly in cases that 
survive for longer than 12 h after injury (35% of cases /220/), which is the minimum 
period that must elapse between the time of injury and death to allow the histological 
features of pituicyte death to evolve (220,222). The etiology of smaller areas of trau- 
matic pituitary necrosis is uncertain. Several mechanisms are suggested to account for 
massive traumatic pituitary necrosis (222), but interruption of the blood supply to the 
adenohypophysis, which runs in the long hypophyseal portal system of the pituitary 
stalk, by stalk compression (owing to severe brain swelling /22/,223,224]) or trau- 
matic transection of the pituitary stalk (22/) is a credible explanation. 

The appearance of massive adenohypophyseal necrosis of whatever cause is 
highly distinctive (220-225). Approximately 90% of the adenohypophysis is necrotic 
(221), but the neurohypophysis is spared (221,225), the necrotic adenohyphysis is 
always enclosed by a narrow rim of histologically normal pituicytes (which derives its 
blood supply from capsular capillaries), and intact pituicytes are observed at the inter- 
face between the anterior and posterior pituitary gland where the blood supply is drawn 
from the intrasellar short hypophyseal portal system (223). Adenohypophyseal necrosis 
can also occur in many other clinical situations, including brain swelling (irrespective 
of cause), diabetes mellitus, and the postpartum period (222-226). 

Necrosis of the neurohypophysis with sparing of the adenohypophysis has been 
described as a complication of intraoperative hypotension (227). 


11. CLINICAL SYNDROMES ASSOCIATED WITH TRAUMATIC CNS INJURIES 


Although the effects of trauma on the brain, spinal cord, and its coverings pro- 
duce myriad structural and clinical patterns, there are distinct clinical syndromes that 
are recognizable from the victim’s history before the autopsy is started that are, more 
often than not, associated with specific neuropathological findings. It is useful to 
attempt to place the case in one of these categories in order to direct the post mortem 
examination. These syndromes are summarized in Table 2. 


11.1. Dead at the Scene 


Most of the neuropathological abnormalities that are fatal at the time of, or soon after, 
traumatic CNS injuries are obvious (Fig. 46). They include severe comminuted fractures 
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Table 2 
Traumatic CNS Syndromes and Associated Neuropathology Diagnoses 
Traumatic clinical syndromes Likely neuropathology diagnoses 
“Dead at the scene” ¢ Massive craniocerebral trauma 


Diffuse vascular injury 
Pontomedullary tear 
High cervical spinal injury 
¢ “Commotio medullaris” (see Chapter 10, 
Subheading 4.3.) 
Traumatic basilar subarachnoid hemorrhage 
(see Chapter 10, Subheading 4.2.) 
Patients who talk and die (228,229) ¢ Peridural hemorrhage 
¢ Contusions/intracerebral hematoma 
Brain swelling 
Complications of skull fracture 
(see Subheading 3.7.) 
Coma and vegetative state (/29) ¢ Grades 2 and 3 DAT 
¢ Diffuse hypoxic—ischemic injury with 
thalamic involvement 
Grades 2 and 3 DAT 
¢ Diffuse hypoxic—ischemic injury with or without 
thalamic involvement 
Multiple focal brain injuries (ischemic injury, 
contusions) 
e Evidence of past raised intracranial pressure 
History of surgically evacuated intracranial 
hematoma 
¢ Grade | DAT 
Moderate disability (730) ¢ Mild to moderate contusions 
¢ History of surgically evacuated intracranial hematoma 
¢ Grade | DAT 
¢ SUDEP (see Chapter 10, Heading 5) 
History of minor disability after, ¢ Fronto-orbital contusions 
or full recovery from, a head injury ¢ Old smear-type subdural hemorrhage 
¢ Microscopic focal sparse subdural hemosiderosis 
¢ Scattered microscopic cysts or focal gliosis 
¢ No neuropathological abnormality 
Isolated quadriplegia or paraplegia ¢ Spinal cord injury 


Severe disability (235) 


with secondary brain lacerations or rostral cervical spinal column injury. Other causes are 
diffuse vascular injury, traumatic basilar SAH (see Chapter 10, Subheading 4.2.), and an 
idiosyncratic response to head impact, ““commotio medullaris,’ which is a diagnosis of 
exclusion (see Chapter 10, Subheading 4.3.). 


11.2. Patients Who “Talk and Die:” The Lucid Interval 


Patients who “talk and die,” or, in other words, have a lucid interval, are well 
enough after a head injury to utter words, and therefore can be presumed, at that time, 
not to have a fatal primary brain injury, but they subsequently die of a delayed and there- 
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Fig. 46. Dead at the scene. Ejection of this victim from an all-terrain vehicle and a colli- 
sion between his unprotected head and a tree has caused a comminuted, compound right 
frontal and basilar skull fracture and large cerebral lacerations. There can be no doubt in 
such cases that the cause of death is massive craniocerebral trauma! 


fore potentially remediable complication of trauma ( ). Approximately 6 to 10% 
of patients who talk after “severe” head injuries die of TBI. In comparison with those 
who survive, fatal cases tend to be older and to have more severe extracranial injuries 
and lower scores in the motor and eye-opening components of the Glasgow Coma Scale 
(229). Fatal neurological deterioration in these patients is caused by (229): 

¢ Peridural hematomas (50% of cases), usually ASDHs. 

¢ Contusions or intracerebral hematomas (40% of cases). 

° Large bilateral frontal contusions are particularly apt to cause delayed deterioration (230). 

e Brain swelling (10% of cases). 

A number of patients who are lucid after a head injury will also deteriorate for the 
same reasons but survive in a vegetative state or with severe disability. 

Subjects with various complications of skull fractures (see Subheading 3.7.), 
particularly acute bacterial meningitis, may also die after a lucid interval, which can last 
for days or even weeks. 


11.3. Vegetative State 


The vegetative state is defined as “continuing unconsciousness with no evidence of 
awareness or cognitive responsiveness although there are periods of wakefulness with the 
eyes open” (23/). There is a slender chance of some recovery in a patient in a vegetative 
state, but this becomes increasingly unlikely after 4 wk, when the condition is classified 
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as a “continuing” vegetative state. No recovery will, in any event, occur once the subject 
has survived for 12 mo, when the “permanent” vegetative state is entered (232). The 
vegetative state is usually associated with TBI or with hypoxic—ischemic brain injury 
following a cardiac arrest. Most cases of traumatic vegetative states are caused by Grade 
2 and 3 DAI, or diffuse traumatic hypoxic—ischemic injury (reflecting a global failure 
in cerebral perfusion), or both (/29). Ischemic injury to the thalamus is invariable in 
vegetative state cases in which there is no evidence of DAI: conversely, cerebral corti- 
cal ischemic injury, irrespective of its cause, does not cause the vegetative state unless 
there has been ischemic injury to the thalamus (233). 


11.4. Severe Disability 


Severe disability, in head-injured patients, is a state in which the affected individ- 
ual requires some help with acts of daily living from another person (Glasgow Outcome 
Scale /234/]). The degree of severe disability ranges from mobile subjects through 
individuals who are bedbound to patients in a minimally conscious state (235). The 
neuropathologic abnormalities underlying severe disability resemble those of vegetative 
state in approx 50% of cases. In the remainder, however, there is neither thalamic injury 
nor Grade 2 or 3 DAI. Rather, different types of focal brain injury appear to act in con- 
cert to create severe disability, including contusions, the residual miscellaneous effects 
on the brain of intracranial hematomas (which will have been surgically evacuated), 
focal ischemic brain injury, and brain stem lesions (usually ischemic injury and hemor- 
rhages). In a few cases, Grade 1 DAI is the only abnormality. No marked differences in 
the incidence of hematomas, evidence of previously raised intracranial pressure, or 
ischemic injury exist between mobile, bedbound, and minimally conscious severely dis- 
abled patients (235). 


11.5. Moderate Disability 


Patients whose Glasgow Outcome Scale category is “moderate disability” after TBI 
are sufficiently independent to live on their own but have some persisting physical or 
mental impairment (234). Falls are the most common cause of the TBI; a history of a 
skull fracture is usual. The majority of these patients have posttraumatic seizures, and 
more than 70% have a history of a surgically evacuated intracranial hematoma. The neu- 
ropathology findings include surface contusions in most cases (none of which are exten- 
sive), Grade 1 DAI in 30% of cases, and, in a minority of cases, focal ischemic brain 
injury. There is rarely evidence of significant past brain swelling (/30). 


11.6. Craniocerebral Trauma With Full Recovery or Minor Disability 


It is common to perform an autopsy on an individual with a history of a head 
injury with no, or only minor, residual neurological disability who has died of causes 
unrelated to the brain injury. In this context minor disability is defined as mild symp- 
tomatic cognitive disability, ostensibly dating from the time of a head injury. In most 
cases no neuropathological abnormalities are found but in some cases there are small 
old contusions, usually in the frontotemporal area, or focal or diffuse inconsequen- 
tial subdural hemosiderin staining. The significance of the contusions with respect to 
the causation of mild posttraumatic symptomatology is uncertain because asympto- 
matic old contusions are frequent incidental postmortem findings. In some instances, 
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possibly representing the structural correlates of minor brain MRI signal abnormal- 
ities demonstrated after mild TBI (see Subheading 6.1.5. //40/), sparse small or 
microscopic white matter cystic lesions, usually with a few hemosiderin-laden 
macrophages, or subtle gray matter and white matter microglial hypercellularity are 
observed. 


11.7. Isolated Quadriplegia or Paraplegia 


In most cases the cause of quadriplegia and paraplegia is spinal injury, although in 
some instances brainstem injury is responsible. 


11.8. Cause of Death in Victims of Craniocerebral Trauma 
Who Are Not Dead at the Scene 


Most comatose patients with head injuries who are ventilator-dependent die when 
the ventilator is switched off. In these cases the CNS injury, having caused failure of 
control of respiration, is the immediate cause of death. The immediate cause of death in 
other patients who are in a coma, whether ventilator-dependent or not, or who are 
severely disabled, is usually an infectious or vascular complication of the CNS injury, 
the latter being the proximate cause of death. In some instances, however, a “formal” 
immediate cause of death cannot be demonstrated, despite the presence of severe brain 
injury, but death in these cases should be attributed to pervasive failure of the neural 
control of cardiorespiratory function. In milder forms of severe disability and in patients 
with moderate disability, the cause of death is usually unrelated to the CNS injury. If 
post-traumatic seizures are present, the criteria for sudden unexpected death in epilepsy 
may be met (see Chapter 10, Heading 5.). 


12. ACUTE NEUROGENIC PULMONARY EDEMA 


Neurogenic pulmonary edema (NPE) is pulmonary edema that is associated with 
neurological disease in patients in whom no other cardiac or pulmonary cause for the 
edema is apparent (236,237), and it may, from time to time, be the immediate cause of 
death in patients with head injuries. NPE is associated with several acute neurological 
diseases, including spontaneous intracranial hemorrhage in general (238) and SAH 
secondary to aneurysmal rupture in particular (239), sudden unexpected death in 
epilepsy (240), and head trauma of various sorts (24/—243). It has also been reported in 
a case of presumed nonaccidental head injury in an infant (244). 

NPE usually occurs, or presents, within a few hours of the onset of neurologic symp- 
toms. There is also good clinical evidence that pulmonary edema can occur instantaneously 
or at least within minutes of a head injury, as evidenced by the following observations: 

¢ A mean combined lung weight of 997 g (standard deviation 359 g) is recorded in 41 
victims with head injuries who were dead at the scene of their head injuries (247). 

¢ Twenty casualties of the Vietnam war who died within minutes of head injury caused by 
missile injuries or falls had combined lung weights of less than 800 g (2 cases), 800 to 
1500 g (17 cases), and 1501 to 2000 g (1 case) (242). 

¢ Twenty-three patients with “traumatic intracerebral hemorrhage” (which is not further spec- 
ified) who “lived 1/2 hour or less” had a combined lung weight of more than 900 g (238). 
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The onset of pulmonary edema within minutes of TBI is also replicated in exper- 
imental studies in animals (245-248). 

The pathobiology of NPE is uncertain. The principal theories evoke neurally medi- 
ated changes in the sympathetic control of pulmonary vascular resistance provoked by 
brain injury and a primary central process in which the pulmonary capillary permeabil- 
ity is increased independent of changes in vascular tone. If there is a delay of some 
hours in the onset of pulmonary edema the humorally mediated posttraumatic hyper- 
catecholaminergic state may be responsible. 


13. DEMENTIA AND TBI 


Questions regarding an association between dementia and TBI arise when behav- 
ioral dysfunction owing to dementia is suspected as the cause of a fatal accident or when 
symptoms of dementia emerge some time after a head injury, leading to the suspicion 
that the cognitive disorder was caused by craniocerebral trauma. 


13.1. Dementia as Explanation for Fatal Accident 


If a history of dementia is provided at the time of autopsy the pathologist should fix 
and retain the brain. A useful algorithm is available for the histopathological investiga- 
tion of dementia (249) but, if at all possible, brains from patients with dementia should 
be assessed by a neuropathologist with a special interest in degenerative disorders 
because of the complexities of the various dementia classification schemes, the need in 
some cases for extensive sampling of tissue from the brain for microscopic examination, 
and the considerable battery of immunohistochemical procedures that may be needed to 
establish a diagnosis. However, the diagnosis of Alzheimer’s disease (responsible for 50 
to 70% of cases of dementia /250/) and of diffuse Lewy body disease (accounting for 10 
to 25% of cases of dementia /250/) is relatively straightforward (250,251). 

The diagnosis of Alzheimer’s disease rests on the demonstration by silver stains 
and immunohistochemical methods of neuritic plaques and neurofibrillary tangles 
(NFTs) in the cerebral cortex and hippocampus. Semiquantitative methods of assessing 
the incidence of neuritic plaques and NFTs allow general statements to be made regard- 
ing the likelihood that a particular burden of neuritic plaques and NFTs caused demen- 
tia in any given case (252,253), but the presence of even severe histological changes of 
Alzheimer’s disease does not guarantee that a specific patient was demented (254). 

Diffuse Lewy body disease is characterised by eosinophilic, ubiquitin- 
immunopositive, and synuclein-immunopositive cytoplasmic inclusions in cortical neu- 
rons. Depigmentation, neuronal loss, and Lewy bodies in surviving neurons are almost 
always observed in the substantia nigra. The correlation between the prevalence of cor- 
tical Lewy bodies and the degree of cognitive and motor dysfunction is poor (255,256) 
but a simple and reproducible histopathological staging method is available (255,257). 

In practical terms, when the possibility of dementia is raised as an explanation for 
events leading to a head injury, the following is recommended: 

¢ In the absence of a history of dementia: 
o The pathologist should determine whether or not the pathological features of 
Alzheimer’s disease or Lewy body disease are present. 
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° If such features are present, the pathologist should record them (e.g., as “Alzheimer’s 
disease-like changes” or “diffuse Lewy body disease-like changes’) and state that it 
is not possible to know with certainty if the patient was clinically demented. 

¢ If compelling and credible clinical evidence of dementia is recorded: 

o The pathologist should state whether the likely cause was Alzheimer’s disease, dif- 
fuse Lewy body disease, or both (as these diseases often co-exist). 

© The pathologist should not state that behavioral dysfunction was responsible for an acci- 
dent leading to a head injury, which is a speculation that should be left to a physician 
who is familiar with what the patient’s mental state was shortly before accident. 

o If the histopathological features of Alzheimer’s disease or diffuse Lewy body disease 
are not found, the pathologist should arrange with a neuropathologist for other causes 
of dementia to be sought (249,250). 


13.2. TBI as Cause of Dementia 


There is suggestive evidence of an association between head injury and dementia 
(258,259). A detailed assessment of this subject is beyond the scope of this book but, in 
summary, dementia and head injury appear to be linked in the following contexts: 


¢ The degree of brain injury, including secondary ischemic injury arising from a head 
injury, may alone be sufficient to account for cognitive dysfunction originating imme- 
diately after injury and resembling dementia in patients surviving with major disability. 
The demonstration of ongoing neuronal loss in the hippocampus for at least months 
after a head injury could account for a progressive deterioration in cognitive function 
(260), as long as other causes of dementia are excluded. 
¢ Dementia pugilistic is a well-known degenerative disorder, characterized by wide- 
spread NFTs in the cerebral cortical and brainstem neurons and sparse neuritic plaques 
(261), caused by repetitive, concussive blows to the head over a long period that typi- 
cally occur in boxers. 
e A previous head injury is a significant risk factor for the development of Alzheimer’s dis- 
ease (262). Three observations suggest that this association may be more than fortuitous: 
o Patients with the €4 allele of the ApoE gene are at particular risk for developing 
Alzheimer’s disease (52). 
Patients with the same allele show a poorer outcome after head injury than do patients 
who have other ApoE alleles (52). 
8-Amyloid protein deposition, involved in the pathogenesis of Alzheimer’s disease, 
is increased in 30% of patients who die after a single head injury, usually from a fall, 
most of whom are elderly (263). 
It remains to be determined whether or not these observations indicate cause and 
effect or shared vulnerabilities between head injury and Alzheimer’s disease. 
In practice, a pathologist should say only that the structural effects caused by TBI 
may cause cognitive dysfunction and that there is no definite proof that a past head 
injury can be solely blamed for the development of Alzheimer’s disease. 


° 


° 
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Chapter 10 


Sudden Neurological Death 


Summary 


Although neurological disease is a common cause of death that occurs soon after the onset 
of symptoms—usually after sufficient time has elapsed for a diagnosis to be established—it is a 
relatively uncommon cause of sudden death. The causes of sudden neurological death that are 
associated with trauma include massive craniocerebral trauma, high cervical vertebrospinal trauma, 
posttraumatic epilepsy leading to sudden unexplained death in epilepsy, acute trauma-associated 
brainstem dysfunction (“commotio medullaris”), subarachnoid hemorrhage associated with trau- 
matic vertebral and basilar artery tears, and trauma-induced dislodgement of a vertebral artery 
thrombus leading to a brainstem infarct. 


Key Words: Brain stem infarctions; cerebrovascular trauma; craniocerebral trauma; epilepsy, 
posttraumatic; sudden death; spinal cord injuries; subarachnoid hemorrhage, traumatic; sudden 
unexplained death in epilepsy. 


1. INTRODUCTION AND DEFINITION OF TERMS 


The investigation of sudden unexpected death lies at the core of the practice of 
forensic pathology. The postmortem demonstration of severe coronary artery disease, not 
necessarily associated with recent thrombotic occlusion of a coronary artery or 
histological evidence of acute myocardial necrosis, is a finding that forms classical pre- 
sumptive evidence for a fatal cardiac dysrhythymia if no other structural, metabolic, or 
toxic cause of death is found, reflecting the deadly vulnerability of cardiac activity to 
electric dysfunction. The function of the brain, itself an electric organ, is also periodically 
disrupted by “dysrhythymias,” usually in the form of a seizure but also when, during the 
course of various neurological disorders, brainstem function is disturbed and fatal failure 
in the neural control of cardiorespiratory function occurs (/,2). It is to be expected that 
craniocerebral and vertebrospinal trauma, under certain situations, precipitates fatal 
brainstem failure by compromising the electrical equilibrium of the brain. The purpose 
of this chapter is to discuss traumatic disorders of the central nervous system (CNS) that 
cause abrupt and unforeseen neurological death. 
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Cases of unexpected death owing to neurological causes fall into two categories: 
unexpected neurological death, only briefly mentioned here for completeness, and sud- 
den neurological death (SND). 


1.1. Unexpected Neurological Death 


There are two categories of unexpected neurological death. The first category 
includes acute neurological disease that, in retrospect, was symptomatic for at least a 
day or so before death (an example is the posturally related prodromal headache of a 
colloid cyst). The second category includes acute neurological disease whose premoni- 
tory symptoms and signs would have been recognized and whose pace of evolution 
would have allowed enough time for a correct diagnosis to be reached before death had 
the onset of the disease been witnessed. Accordingly, the second type of unexpected 
neurological death may occur during sleep or in socially isolated individuals who could 
not or were unwilling to call for help. 

There are numerous causes of unexpected neurological death, but common causes 
include: 


¢ Acute bacterial meningitis. 
e Various cerebrovascular diseases, including: 

o Cerebral infarcts. 

e Nontraumatic intracerebral hemorrhage. 

e Ruptured berry aneurysm leading to subarachnoid hemorrhage (SAH). 
¢ Craniocerebral trauma: 

e Epidural hematoma. 

e Acute subdural hematoma. 


1.2. Sudden Neurological Death 


SND is defined as death, or brain death, attributable to, and occurring immediately 
or soon after, the onset of a neurological illness or a neurological phenomenon. The 
practical importance of cases of SND is that it usually falls to the pathologist to account 
for the death. 


1.2.1. Categories of SND 
Cases of SND fall into one of the following categories: 


¢ Death is witnessed and occurs before clinical investigation of the signs and symptoms 
can be carried out. These cases include conditions in which the cause of death is 
obvious and, of great importance to the pathologist, situations in which the neuro- 
logical cause of death is not realized until a postmortem examination has been 
performed. 

e A witnessed cardiorespiratory arrest occurs because of the abrupt onset of a neurolog- 
ical disease or condition; resuscitation is performed; irreversible brain injury super- 
venes; the victim, though maintained on life support, is clinically “brain dead;” 
clinical and neuroimaging investigation fails to reveal the cause of the cardiorespira- 
tory arrest; a neurological cause for the cardiorespiratory arrest is demonstrated at 
autopsy. This category will become less common as neuroimaging techniques become 
more sensitive. 

¢ Unwitnessed or witnessed sudden death in a patient with epilepsy. 
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2. CAUSES OF SND 


In most cases SND is caused, one way or another, by acute dysfunction of the 
brainstem or high cervical spinal cord, leading to failure of cardiorespiratory function. 
In conceptual terms, because of its very abruptness and the inferred underlying break- 
down in the electrical homeostasis of the brain, SND corresponds closely to sudden 
cardiac death. In general terms, three mechanisms account for SND: 


e Acute hydrocephalus, causing impaired cerebral perfusion or brainstem compression. 

¢ Demonstrable structural disruption of the brainstem or rostral cervical spinal cord. 

e Presumed functional disruption of brainstem activity without corresponding structural 
abnormalities detectable by standard autopsy techniques. 


2.1. Nontraumatic Neurological Diseases Possibly Associated 
With SND 


There are numerous case reports and small case series describing an apparent 
association between SND and various CNS diseases, including: 


e Primary CNS neoplasms (0.17% of forensic autopsies /3/): 
Meningioma (3). 

Pituitary adenoma (3). 

Colloid cysts (3,4). 

Cerebral hemispheric gliomas (3,5). 

Brain stem gliomas (6-8). 

Cerebellar gliomas (7). 

Medulloblastoma (3). 

Pineal cysts (9). 

e Epidermal cysts (/0). 

Bleeding into an occult primary or secondary brain tumor (J /). 
CNS infections: 

e Acute pyogenic meningitis (//). 

e Acute lymphocytic meningitis (/2). 

o Viral cerebellitis (/3). 

o Neurosarcoidosis (/4). 

Multiple sclerosis (15). 

Chiari | malformation (/6) with or without chronic hydrocephalus. 
Vascular disorders, usually a ruptured berry aneurysm and acute SAH (/7). 


° 
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In some of these cases the presence, in retrospect, of an antecedent history indi- 
cates death should be classified as an unexpected neurological death. 


2.2. SND Caused by Trauma 


An association between SND and trauma is found in: 


Obvious (self-evident) cases. 

Less obvious or subtle (less than self-evident) cases in which craniocerebral and verte- 
brospinal trauma are directly responsible for death. 

Cases in which the complications of trauma lead to SND (usually epilepsy). 

Cases in which a neurological condition is suspected to have caused SND, which then 
led to craniocerebral trauma (for example, rupture of a berry aneurysm causes a car- 
diorespiratory arrest in the driver of a motor vehicle and an accident follows). 
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For the purposes of this chapter the following conditions and their relationship to 
trauma and SND will be discussed: 

¢ Traumatic SND owing to self-evident causes. 

¢ Other than self-evident causes of traumatic SND. 

¢ Sudden unexpected death in posttraumatic epilepsy. 

¢ Rupture of berry aneurysms, acute SAH, and stroke. 

e “Spinal cord injury without radiographic abnormality.” 


3. TRAUMATIC SND OWING TO SELF-EVIDENT CAUSES 


These conditions have been described in Chapter 9. They include massive cranio- 
cerebral trauma, injuries to the high cervical spine, diffuse vascular injury, and ponto- 
medullary tears. 


4, OTHER THAN SELF-EVIDENT CAUSES OF TRAUMATIC SND 
4.1. Minor Head Injury and SND 


Head injury in this context is classified as “minor” in comparison with the severe 
head injuries caused by falls and motor vehicle crashes. The syndrome of minor head 
injury and SND has a characteristic clinical presentation: 


¢ The victim, who is frequently but not always intoxicated with alcohol, dies while 
involved in an assault or fight (or, sometimes, following an apparently mild to moder- 
ate head impact from other causes). 
¢ Blows to the victim’s head or neck, which may appear trivial, are described by wit- 
nesses or inferred from findings made during the autopsy. 
¢ No structural, toxicological, metabolic, or infectious cause of death is demonstrated in 
the general postmortem examination. 
e The neuropathological examination reveals either: 
oe Acute SAH concentrated over the brain base (traumatic basilar SAH); or 
o No injuries or minor traumatic injuries. 
« There is some evidence in this situation that death is attributable to dysfunction of 
the medulla oblongata, which will be discussed in Subheading 4.3. 
» For ease of reference, this condition is referred to as commotio medullaris, by anal- 
ogy with the syndrome of commotio cordis in which a blow to the precordium 
precipitates a fatal cardiac arrest (see Chapter 8, Subheading 6.4.). 


4.2. Traumatic Basilar SAH 


An isolated fatal basilar SAH in the setting of a mild head injury is caused by rup- 
ture of a berry aneurysm (Fig. 1; see Heading 6) or is associated with a tear through the 
wall of a cerebral blood vessel, but in some instances the source of bleeding remains un- 
determined (/8,/9). 

Cases with traumatic arterial tears often have bruises behind the ear and in the neck 
(20). The vertebral arteries are most commonly involved— either their intracranial (/ 9-24) 
or extracranial segments (/9,20,25)—but tears of the posterior inferior cerebellar arteries 
(19,26) and basilar artery (19,24) also occur. A fracture of the transverse process of the 
first cervical vertebra (19,20) or a developmental abnormality of the cervical vertebrae 
(27) is associated with the arterial tears in some cases, but in many cases there is no expla- 
nation for the tear other than its temporal association with trauma (2/,28,29). 
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Fig. 1. Basilar subarachnoid hemorrhage (SAH). (A) Brain base. A moderate SAH is present 
over the caudal surfaces of the left and, to a lesser extent, the right cerebellar hemisphere. No 
source of bleeding was demonstrated until the fixed brain was sliced. (B) Sagittal slice through 
the cerebellar vermis from the brain illustrated in (A). There is a large ruptured aneurysm, orig- 
inating from a distal branch of the right posterior inferior cerebellar artery, buried in the cau- 
dal cerebellar midline (white arrowhead). (C) Circle of Willis. This specimen is from a young 
woman with a basilar SAH who, while intoxicated with ethanol, dropped dead during an 
altercation with her husband. He could not remember if she fell by herself or if he pushed her 
away. A small ruptured aneurysm of the left (L) posterior inferior cerebellar artery (PICA) is 
indicated by a white arrow. R, right; BA, basilar artery; SCA, superior cerebellar artery; PCA, 
posterior cerebral artery; PoCA, posterior communicating artery; VA, vertebral artery. 


Various recommendations, which may or may not be practical depending on 
the time and resources available to the pathologist, are promulgated regarding the 
approach to identifying the source of bleeding. These include in situ dissection of the ver- 


tebral arteries, postmortem angiography of the vertebral arteries (20,30), and en bloc dis- 
sections of the lower brainstem, cervical spinal cord, brain base, and cervical vertebrae 
followed by decalcification and various examination procedures (2/,27,31). Although 


any forensic autopsy unit should have a familiar and reliable protocol in place to deal 
with the exposure of the vertebrobasilar arterial arborization, this is a time- 
consuming and difficult procedure. Members of the autopsy service staff in smaller cen- 
ters face difficult questions when a case of traumatic basilar SAH is encountered: 
¢ Should the case be referred to a regional forensic unit (which, particularly in large countries, 
may be impractical)? 
e Is it worth learning such complex procedures for a rarely encountered condition (approx 
0.5 to 1 per 1000 forensic autopsies //! 7)? 
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¢ Is the demonstration of a basilar SAH in a patient who dies during a brawl not suffi- 
cient to determine that death was traumatic (provided gross and histological examina- 
tion of the intracranial vertebral arteries has excluded pre-existing arterial disease)? 

¢ How certain is it that abnormalities demonstrated by unfamiliar angiographic proce- 
dures and dissections are not artifactual? 


In any event, a diligent search for the source of bleeding is obligatory when a basi- 
lar SAH is discovered at the time of autopsy. The following approach is practical and 
possible without special facilities: 


¢ Gently remove the subarachnoid blood clot from the brain surface using a stream of 
saline from a syringe and buds of cotton wool attached to a stick. 

¢ Expose the entire circle of Willis and its branches and tributaries, including the anterior, 
middle, and posterior cerebral arteries, superior cerebellar arteries, posterior inferior 
cerebellar arteries, and vertebral arteries. 

¢ Remove the exposed circle of Willis and its branches and tributaries, and inspect them 
with a magnifying glass or dissecting microscope. 

o Submit any areas that have attached thrombus for microscopic examination and, 
separately, both vertebral arteries. 

o The vertebral arteries should be trimmed into short segments by cuts perpendicular to 
the longitudinal axis of the blood vessel just before they are embedded in paraffin wax. 

o The remainder of the circle of Willis should be retained. 

¢ Return to the body and expose the origin of the ophthalmic artery from the carotid 
artery to exclude an aneurysm at this site. 

e Examine any segments of the proximal vertebral arteries that remain in the cranial cavity 
and where they perforate the dura. Open the dura and explore the lateral extracranial 
course of the arteries as far as the transverse processes of the atlas. If this area is devoid 
of hemorrhage, pathological changes in the artery are unlikely but nevertheless remove 
the exposed vertebral arteries and submit them for microscopic examination. 

¢ If there is bleeding around the distal extracranial vertebral arteries: 
oe Complete a full vertebral artery dissection (32-34). 

o Excise the vertebral arteries. 

o Submit any hemorrhagic areas in the artery for microscopic examination. 

o Look for fractures of the transverse processes of the atlas. 

o Consider removal of cervical vertebrae | and 2 for defleshing and extracorporeal 
radiographs if local funeral practices allow. 


Although the occurrence of sudden traumatic death and the demonstration of an 
acute basilar SAH and an appropriately located arterial tear seems to be a self-evident 
causal association, controversy still exists regarding the significance of arterial tears in 
this context (3/,35,36), particularly with respect to the possibility that they are artifac- 
tual or a secondary phenomenon, the explanation for sudden death in these cases being 
trauma-induced spinomedullary dysfunction rather than the bleeding per se. 


4.2.1. Spontaneous Dissection of Carotid and Vertebral Arteries 


A relatively common cause of stroke, particularly in younger patients, is a dissection 
of the wall of the carotid or vertebral arteries that arises when blood enters the vessel wall 
through an intimal tear and causes pain and symptoms of cerebral hypoxia—ischemia 
hours to days later (37). A subintimal hematoma causes stenosis of the lumen and a sub- 
adventitial hematoma leads to the formation of a pseudoaneurysm. “Spontaneous” dissec- 
tions are sometimes temporally associated with abrupt neck movement (e.g., a sneeze), 
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more extreme than usual neck movement (e.g., while reversing a car or performing yoga 
asanas), mild neck trauma, and even normal neck movements. In practical terms, for a 
pathologist interested in the craniocerebral and vertebrospinal complications of trauma, 
the following is relevant with respect to spontaneous arterial dissections (37): 
¢ Spontaneous arterial dissections rarely cause arterial rupture and are distinct in terms of 
their pathogenesis from the syndrome of traumatic basilar SAH. 
¢ Spontaneous arterial dissection is not recognized as a cause of sudden neurological 
death (but see qualifying discussion in Heading 7.). 
e The apparent causal association between neck movement or mild neck trauma and arte- 
rial dissection is a subject of controversy. 
¢ It is not possible to say with certainty for a specific case that a temporal association 
between the onset of symptoms and neck movement or mild neck trauma is coinciden- 
tal, contributory (when a primary arterial disease is demonstrated), or causal with 
respect to the dissection. 
e Arterial abnormalities are found or inferred in many cases of spontaneous arterial 
dissection (and should also be excluded in cases of traumatic basilar SAH), including: 
e Fibromuscular dysplasia. 
e Cystic medial necrosis. 
e Hereditary connective tissue disorders (1 to 5% of cases), namely: 
» Ehlers-Danlos syndrome type IV. 
« Marfan’s syndrome. 
» Autosomal-dominant polycystic kidney disease. 
» Osteogenesis imperfecta, type I. 


4.3. Commotio Medullaris 


This form of death in which, strictly speaking, no conventional cause is apparent 
corresponds to a syndrome described by Di Maio and Di Maio in which “individuals 
who, while acutely intoxicated, are severely beaten about the face ... collapse at the 
scene ... and are subsequently found dead” (38) and later reviewed in more detail (refs. 
39 and 40; Fig. 2). The identification of this syndrome is a relatively straightforward 
process of recognizing the entity and excluding other causes. The mechanism that 
causes death, however, remains undetermined, but details from animal experiments and 
from sparse clinical observations provide some guidance regarding the principal ques- 
tions concerning the syndrome: 

¢ How does mild to moderate head injury cause death? 

¢ How does alcohol intoxication make matters worse? 


4.3.1. Cardiorespiratory Changes After Head Injury 


Neurally mediated apnea and cardiac changes are described in experimental head 
injury models. Apnea occurs immediately after missile, contact, or acceleration head 
injuries and is self-limited in mild or moderate forms of concussion (4/—43). The dura- 
tion of apnea, which is usually less than 30 s, is proportional to the force of the injury 
(41,44). Sustained respiratory arrest appears to be limited to severe forms of experimen- 
tal head injury (4/,45). Head injuries of various types are also followed almost immedi- 
ately by hypertension and bradycardia whose degree is proportional to the severity of the 
trauma (42,46,47). Changes in cardiac and respiratory function occur at lower intensities 
of head injury than does alteration in conscious level (42). The rise in blood pressure is 
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Fig. 2. Commotio medullaris. These specimens are from a young man, intoxicated with 
ethanol, who was struck with fists and kicked in the head and face by his assailant. A car- 
diorespiratory arrest occurred and resuscitation was delayed for 20 min. He was brain 
dead after resuscitation but mechanical ventilation was maintained for 3 d. (A) Coronal 
slice through right occipital lobe showing paramedian (gliding) contusions (white arrow- 
head). (B) Posterior surface of cervical spinal cord with opened dura. Small hemorrhages are 
present in the right posterior nerve roots of C1 (white arrow). Severe brain swelling has 
caused cerebellar tonsillar herniation and displacement of necrotic cerebellar tissue into the 
spinal subarachnoid space (asterisk). (scale bar = 1 cm.) (C) Photomicrographs from the 
vicinity of the nucleus of the tractus solitarius. Axonal swellings are indicated in this panel 
(Top panel, H&E; middle panel, Bielschowsky’s method; bottom panel, neurofilament 
immunohistochemistry: x100 oil immersion objective for all panels). (Modified from ref. 40 
with permission of Lippincott Williams and Wilkins.) 


mediated through sympathetic neural pathways in mildly and moderately injured animals; 
bradycardia is initiated by the parasympathetic nervous system (44,47). 

There is little knowledge, for obvious reasons, of what happens to human car- 
diorespiratory activity immediately after a head injury. There is, however, some evi- 
dence that sustained primary apnea can complicate mild human head injury and may be 
a cause of death if assisted ventilation is not started (48); positional asphyxia (see 
Chapter 3, Subheading 3.7.) in an unconscious subject should be excluded when this 
explanation for death is under consideration. 

The way in which head injury provokes the cardiorespiratory changes that 
accompany mild or moderate head injury is undetermined. The observation of axonal 
swellings in a single case supports the possibility that commotio medullaris is a clini- 
cal manifestation of traumatic axonal injury (Fig. 2; ref. 40). However, an alternative 
explanation is that stretching of the lower brainstem during abrupt movements of the 
head may also disrupt medullary function (4/), for which tearing of the nerve roots in 
the upper cervical region would be suggestive evidence (Fig. 2; ref. 40). In either case, 
the explanation for the syndrome appears to be in the medulla, justifying the use of the 
term “commotio medullaris.” 
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4.3.2. Effect of Intoxication by Ethanol on Cardiorespiratory Changes 
Induced by Head Injury 


There is evidence from animal experiments that alcohol interferes with the func- 
tion of the brainstem cardiorespiratory centers because of the relatively selective capac- 
ity of ethanol, which it may share with barbiturates (49), to enhance y-aminobutyric 
acid-induced Cl influx (and thus increase the inhibitory action of y-aminobutyric acid) 
and to suppress the N-methyl-p-aspartate receptor-mediated excitatory action of L-glu- 
tamate (49-5/). The net effect on medullary vasomotor centers is enhancement of 
baroreceptor reflex inhibition of sympathetic nerve activity (49). Consequently, ethanol 
intoxication can hinder reflex attempts by the cardiorespiratory centers to correct exces- 
sive perturbation of cardiac and respiratory function that might occur after a head injury. 
In line with this conclusion, the administration of moderate amounts of ethanol to 
experimental animals fatally prolongs the apnea induced by moderate concussion (52). 
Two other experimental observations support the possibility that ethanol, in its role as a 
CNS suppressant, may exacerbate the effects of mild or moderate head injury: small 
doses of barbiturates given soon after head injury to lightly anesthetized animals can 
cause fatal cardiovascular collapse (53,54) and the administration of thiopentone shortly 
before head injury increases the immediate posttraumatic mortality rate (55). 

Any discussion about the mechanism responsible for commotio medullaris in 
intoxicated subjects must also take into account the observation that the incidence of 
sudden unexpected death unrelated to head injury is increased after recent alcohol 
intake (56-58). However, the increased risk appears to be limited to middle-aged indi- 
viduals with a history of long-term heavy alcohol intake (59,60) who, paradoxically, do 
not have pre-existing clinical and electrocardiographic evidence of ischemic heart dis- 
ease (58). Accordingly, it is possible that ethanol intoxication alone is responsible for 
sudden unexpected death in apparent cases of commotio medullaris affecting middle- 
aged individuals with established histories of excessive alcohol intake and a break from 
drinking after a recent binge (“holiday heart syndrome” /56,57/), but any lack of signi- 
ficant coronary atheroma would mitigate against this conclusion. 


4.3.3. Conclusions Regarding Pathogenesis of Commotio Medullaris 


Mild to moderate concussive head injury disturbs cardiorespiratory function but not 
usually to the extent that death from apnea or cardiac arrest occurs. In exceptional cases, 
however, an idiosyncratic augmentation of this response in a sober individual or an aug- 
mented response caused by the effects of ethanol on the medullary centers for cardiores- 
piratory control in intoxicated subjects leads to SND. The cardiorespiratory changes may 
be the consequence of traumatic axonal injury or of localized stretching and distortion of 
the medulla during an abrupt neck movement provoked by a head injury. 

The phenomenon of commotio medullaris can also explain how death occurred in 
cases of head injury (as evidenced by reports of reliable witnesses and/or the presence 
of scalp contusions and/or skull fractures) in which the severity of traumatic brain injury 
(usually in the form of subarachnoid hemorrhage and small contusions) is insufficient to 
account convincingly for the death of the patient, or in which the structure of the brain 
is normal. In this situation, the victim is usually dead at the scene, alcohol intoxication 
need not be a factor, and no other structural, metabolic, or toxicological cause of death 
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is found. Death in such cases has also been described as being the result of cerebral con- 
cussion (38) or “cardiac neural discharge” (74). 


5. SUDDEN UNEXPECTED DEATH IN EPILEPSY 


Sudden unexpected death in epilepsy (SUDEP) is defined as “[s]udden unex- 
pected, witnessed or unwitnessed, nontraumatic and non-drowning death in epilepsy, 
with or without evidence for a seizure and excluding documented status epilepticus 
where postmortem examination does not reveal a toxicological or anatomical cause of 
death” (6/). A knowledge of SUDEP is essential for a pathologist because it is a rela- 
tively common cause of sudden unexpected death that can affect subjects who survive 
craniocerebral trauma with moderate disability (see Chapter 9, Subheading 11.5.). 
SUDEP accounts for approx | to 1.5% of all natural sudden unexpected deaths (62) 
and evidence of old craniocerebral trauma is found in 30% of cases of SUDEP (62,63). 

Although estimates of the incidence of SUDEP vary with the characteristics of the 
epileptic population from which the data are derived, the incidence in the general 
epilepsy population appears to be around 1 to 2 cases per 1000 epilepsy cases per year 
(64,65), the incidence being greatest in young adults and adults in their early middle-age. 
This represents a substantial increase in the risk of sudden death when compared with the 
normal population (66). SUDEP is associated with generalized tonic-clonic seizures, 
inadequately controlled seizures, and poor compliance with anticonvulsant medication 
(64,67). Various other risk factors are also inconsistently reported to be associated with 
SUDEP (64). Most victims of SUDEP are found dead in bed or at home (64,65). If death 
is witnessed it usually occurs during or, less commonly, shortly after a seizure (64,65). 
The mechanism of death may be a seizure-induced cardiac dysrhythmia or apnea 
(65,68—70). In some cases fatal pulmonary edema is precipitated by the seizure (7/). 

The findings in the general autopsy include congested lungs. The tongue is bitten 
in a minority of cases (Chapter 5, Fig. 16). Histological cardiac abnormalities are pres- 
ent in at least some cases, including perivascular and interstitial myocardial fibrosis and 
myocyte vacuolization (72) of uncertain origin (but possibly related to intra-ictal 
hypoxic—ischemic injury). Old contusions are common in brains from cases of post- 
traumatic SUDEP (62,63,73). A structurally normal brain is the rule when the seizures 
are not a complication of trauma. In a minority of cases, nontraumatic epileptogenic 
brain abnormalities are observed, including gliomas, developmental cortical abnormal- 
ities, and vascular malformations (Chapter 5, Fig. 17) (62,63). In some cases, the effects 
of epileptic activity on brain structure are found in the form of multifocal neuronal loss 
and gliosis (especially in the hippocampus), secondary to intra-ictal ischemic and 
excitotoxic injury, or mesial temporal sclerosis (62). 

The presence of a theoretically epileptogenic brain lesion, including old contu- 
sions, in an individual without a history of epilepsy who dies suddenly and unexpect- 
edly should not be used as a reason to attribute the death to SUDEP. 


6. RUPTURE OF BERRY ANEURYSMS AND SND 


A pathologist will be faced on occasion with SND caused by rupture of an 
intracranial aneurysm, which occurred during an altercation or mild head injury. Less 
commonly, acute cerebral dysfunction attributable to a ruptured berry aneurysm may 
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appear to be the cause of an accident with or without serious ensuing traumatic injuries 
to the head or the rest of the body. In either case, two questions arise: 


¢ Can trauma per se cause an aneurysm to rupture? 
¢ Does rupture of a berry aneurysm cause SND? 


6.1. Can Mild Head Injury Cause Rupture of an Intracranial Aneurysm? 


This is a difficult question to answer, particularly in a medicolegal context. In gen- 
eral terms, the risk that an aneurysm will rupture increases as the aneurysm increases in 
size. Rupture of an aneurysm is well documented during exertion, when physiological 
surges in blood pressure may be responsible but, equally, aneurysmal rupture commonly 
occurs when a patient is at rest or asleep (/7). In other words, an intracranial aneurysm 
can rupture at any time and, with reference to a given case, it is not possible to say with 
certainty, in most circumstances, whether the activity in which a patient was involved at 
the time of the onset of a SAH was causative, despite the human tendency to assume 
that a temporal association between events is evidence of a causal association. 


6.2. Does Rupture of Intracranial Aneurysm Cause SND? 


Although acute SAH secondary to rupture of a berry aneurysm is an intuitively 
obvious cause of SND, as defined previously, it is, nevertheless, an unusual one. In a 
series of 1592 autopsies at the Victoria Hospital, London, Ontario between 1991 and 
1996, 28 deaths were associated with rupture of a berry aneurysm of which 4 (14%) 
caused SND, in line with large population studies in which approx 10% of patients die 
within 24 h of the onset of symptoms (/7). The berry aneurysm in these cases does not 
appear to favor specific areas in the anterior or posterior cerebral circulation (//). As 
Leestma concludes: “Death due to the ... acute SAH [accompanying aneurysmal rup- 
ture] rarely occurs within minutes but generally within a few hours” (74). 

The mechanism of sudden death in acute SAH remains speculative but may be 
related to the percussive effects on the brainstem of an abrupt exposure of the low pres- 
sure cerebrospinal fluid-filled subarachnoid space to high intra-arterial pressure or to 
instantaneous vasospasm of major cerebral arteries. 


7. STROKE, SND, AND CRANIOCEREBRAL TRAUMA 


A stroke is an acute neurological disorder caused by a cerebral infarct (ischemic 
stroke) or intracerebral hemorrhage (hemorrhagic stroke): SAH is also sometimes regarded 
as a stroke. The association between aneurysmal rupture, SAH and SND has been dis- 
cussed in the preceding section. Intracerebral hemorrhage is a rare cause of SND 
(although it is a common cause of unexpected neurological death as defined previously; 
see also ref. 1) and, owing to the readily visible bleeding, it is unlikely that an associa- 
tion between this type of hemorrhage and SND has been overlooked over the years. 

The possibility of a causal relationship between an ischemic stroke and death at 
the onset of the infarct is hard to prove for several reasons: 

e The gross and microscopic changes of an infarct take several hours to evolve, which 
means that there will be no structural changes observable in the brain when the patient 
dies within this period. 

e Branches of the circle of Willis are almost never found to be occluded in cases of sud- 
den unexpected death. 
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Fig. 3. Trauma-induced sudden neurological death after brainstem infarct. These samples are 
from a boy in his early teens who dropped to the ground without vital signs after he was 
pushed from behind during a playground altercation. Resuscitation was delayed and 
mechanical ventilation was withdrawn 2 d later. Three weeks before his death he had fallen 
and developed torticollis. Examination of the brain revealed infarcts in (A) the left occipital 
lobe, (B) right pons, and (C) focal acute hemorrhage in the adventitia of the right vertebral 
artery with (D) recently formed thrombus attached to the underlying intima and no evidence 
of arterial dissection. These findings are suggestive evidence of a localized vertebral artery 
injury from the fall, formation of thrombus at the site of arterial injury, bleeding in the arte- 
rial adventitia and displacement of the thrombus because of the abrupt neck movement 
caused by the push, embolization of thrombotic material to multiple sites in the posterior cir- 
culation, including the medulla, and a consequent cardiorespiratory arrest. No thrombus 
was found in the vicinity of the infarcts, presumably because it was removed by the fibri- 
nolytic system. (A) Coronal slice through left occipital lobe. Although there was widespread 
microscopic evidence of hypoxic—ischemic hemorrhagic injury throughout the cerebral 
hemispheres, secondary to delayed resuscitation after a cardiorespiratory arrest, there was 
also localized softening and necrosis (i.e., an infarct) in the left posterior cerebral territory 
(asterisks) with separation of the necrotic tissue from the adjacent intact white matter (black 
arrowheads) and, at the margins of the infarct, more intense ischemic injury in the cortex in 
the depths of the sulci. (B) Horizontal slice through pons. A triangular-shaped infarct is indi- 
cated by the white arrow. (C) Right vertebral artery. Recent hemorrhage is present in the 
adventitia (black arrow). (scale bar = 0.5 cm.) (D) Right vertebral artery. A recently formed 
thrombus is attached to the intima. IEL, internal elastic lamina. (H&E: x40 objective). 


¢ The demonstration of a recent occlusion of the carotid bifurcation or a vertebral artery 
is of uncertain significance because asymptomatic or only mildly symptomatic occlu- 
sion of these arteries occurs. 
¢ Many cases of sudden unexpected death in which an acute cerebral infarct may be suspected 
also have ischemic heart disease, which is invariably favored as an explanation for death. 
With these difficulties in mind, it is still the impression from our autopsy practice 
that cerebral hemispheric infarcts are unlikely, at their onset, to cause sudden death (and 
to account for a fatal accident). However, fatal cardiac dysrhythmias may occur later in 
the evolution of a cerebral hemispheric infarct (75) or a brainstem infarct—in the latter 
case involvement of the nucleus of the tractus solitarius may trigger the fatal cardiac event 
(76-79). There are rare instances when an abrupt movement of the neck during a head or 
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neck injury may cause SND by exacerbating a pre-existing vertebral artery abnormality 
and causing a brainstem infarct, an example of which is illustrated in Fig. 3. In general 
terms, though, it is very unlikely that various types of trauma cause stroke-related SND. 


8. SND AND SPINAL CORD INJURY WITHOUT 
RADIOGRAPHIC ABNORMALITY 


In Chapter 9 (Subheading 8.7.) the subject of spinal cord injury without radiolog- 
ical abnormalities was described and, in particular, the increased risk of this entity in 
children whose vertebral columns are more elastic than in adults was noted (80,8/). It 
is possible that severe forms of spinal cord injury without radiological abnormalities, 
which affect the high cervical vertebrae, are causes of SND, and there is some evidence 
in the literature that spinal cervical injury occurs in nonaccidental injury in infancy 
(82-86). Criteria for recognizing this entity include: 


An otherwise unexplained death. 

Eyewitness accounts of trauma causing extreme neck movement. 

Bleeding into the muscles of the neck. 

The demonstration of localized linear hemorrhage along the attachment of ligaments in 
the high cervical area. 

Peridural spinal bleeding. 

Petechial hemorrhages and distortion of myelinated fibers in the cervical white matter. 
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Brainstem 
autopsy procedure, 523 
failure, mechanisms of, 607 
hemorrhage in, 572, 573f 
infarct, 617-619 
Brain swelling 
autopsy procedure, 523 
in children, 585-587 
contusions and, 536f 
death from, 562-564, 589t, 590 
described, 570-573 
diffuse, 558 
disability from, 591 
hematoma and, 555 
and hemorrhage, 544, 554 
in hypoxic—ischemic encephalopathy, 
566, 567, 569 
in infants, 585-587 
pathology, 570-573 
peridural hemorrhage, 534, 537-538 
and the pituitary gland, 588 
Break point in drowning, 252 
Breath holding, underwater swimming and, 
252 
Broken glass injuries, 361—362 
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Bruising. See Contusions 
Buckets, drowning in, 245-246 
Buckshot, 302 
Bulimia and choking, 132 
Bullet fragmentation 
clothing, 310 
factors affecting, 327 
patterns in, 323, 334f 
wound tracks of, 341 
Bullets 
firearm comparison with, 340 
intracranial ricochet, 336-337, 342f, 343f 
partial-jacketed, 334f 
recovery of, 347 
in skull injuries, 332-333 
velocity of, 323, 324f, 326-327, 332-338 
(See Firearm injuries to the 
skull) 
Burial, 41 
Burn artifacts 
described, 186f, 190-196 
red line, 193, 194f, 220 
Burn classification, 185 
Burn injuries. See Thermal injuries 
Burn unit patients, 206—210, 215 
Buttocks injury in falls, 426 


Cc 


Café coronary, 131 
Canine predation, postmortem, 57-59 
Carbon monoxide poisoning 
autopsy findings, 152-153 
described, 148-149, 482, 484 
discoloration in, 32, 33, 34f 
external examination, 152 
in fires, 183, 184f, 197-198 
in post-burn victims, 208t 
scene of, 150-152 
suicide notes in, 150 
toxicology, 153-154, 563 
Carboxyhemoglobin (COHb) 
blood levels of, 148, 151, 152 
in burn victims, 197-198, 201—203, 205, 
206f 
formation of, 148 
half-life of, 149 
symptoms of, 149t 
toxicology, 153-154, 563 
Cardiac concussion (Commotio cordis), 
433-435 
Cardiac tamponade, 368, 384, 432 
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Cardiac valves, blunt trauma in, 434 
Cardiopulmonary resuscitation (CPR) 
face/neck injuries and, 109 
fat embolism and, 449 
and petechiae development, 69 
rib fractures from, 431 
Cartilage embolism, 455 
Cartilage injuries in homicide/suicide, sharp- 
force injury, 381, 383 
Casper’s rule defined, 41 
Cat bites, 388 
Catheters, injury from, 391-393 
Cause of death determination 
blunt trauma, 410-411 
craniocerebral trauma, 592 
and decomposition, 49 
decubitus ulcers in, 423 
defined, 16 
diving deaths, 283 
drowning, 243-244, 277 
flame injury, 181, 199f 
fractures in hanging, 100 
motor vehicle collisions, pedestrians, 474 
in non-accidental injury in infants, 587t 
overview, 3t, 5, 9-11, 13, 16-17 
in peridural hemmorhage, 540-542 
post-burn victims, 208t—209t 
sharp-force injuries, 386 
smothering, 121 
therapeutic misadventure, 390-391 
Central nervous system (CNS) 
autopsy procedures, 521-523 
electrocution injuries to, 226-227 
examination of, 519-521 
injury, syndromes associated with, 588— 
592 
mammalian diving response in, 255 
neoplasms of, 609 
Cerebellum 
autopsy procedure, 523 
contusions/hemorrhage, 555-557 
swelling and, 572 
Cerebral contusions 
acute, 548-551 
aging, cutaneous, 414-416 
brain, 547-557 
cerebellar, 555-557 
contrecoup, 551-554 
coup, 344f, 548, 550, 553-554 
differential diagnosis of, 557 
documentation of, 557 
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in firearm injuries, cerebral, 328, 336, 
337f, 338f, 344f, 554. See 
also Firearm injuries, 
contusions in. 

fracture, 533f, 555 

gliding (parasagittal), 554-555, 558, 
559f, 560f, 614f 

herniation, 554, 555f 

old, 551, 552f, 557 

Cervical spine fractures, 99-101, 578-579, 
581, 614f. See also Spinal cord 
injuries (SCI) 

Chain saws, 363 

Charring death 

described, 185-187, 191f, 196f 

in electrocutions, 220 

and external injuries, 204 

and identification, 189, 190 

Charring process 

epidural hemorrhage in, 193, 196f 

Charts, review of, 5—6, 9, 75 

Chest injury 

air bag deployment, 467t—469t 

blunt trauma, 426-440, 487 

in car crashes, 457—469, 470, 472 

compression of, petechiae in, 68-69 

firearm, 313, 315, 325f, 339, 340 

resuscitation, closed-chest, 428-432 

stab wounds, 367f, 368, 374-375, 374f, 
381, 385 

Children 

anorectal injuries in, 362, 363, 364f 

brain swelling in, 585-587 

broken glass injuries in, 361 

bruising in, 410 

burn epidemiology in, 207 

cervical fractures in, 99, 578, 619 

chest wall fractures, 426 

choking deaths in, 131 

commotio cordis in, 434, 435f 

craniospinal trauma in, 585-588 

decomposition in, 41 

diving reflex in, 255 

dog bites in, 388, 389f 

drowning in, 245, 246, 275 

electrocutions of, 216 

falls from heights, 425 

FES in, 450 

growing fractures in, 531 

gunshot wounds in, 296 

hanging death in, 75-78, 82 
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human bite marks in, 421 
hyoid fractures in, 94 
hypothermia in submersion, 254 
impalement in, 362 
in motor vehicle collisions, 476 
resuscitation injuries in, 109-111 
rib fractures in, 431 
SIDS in (See Sudden infant death 
syndrome [SIDS]) 
SND in, 619 
thermal destruction of, 185 
wedging in, 129-130 
Chloride testing, drowning, 265 
Choking 
in infants, 131, 133f 
suicide, 134 
xerostomia and, 132 
Choking deaths 
autopsy, 134-136 
described, 130-133 
external examination, 134 
inflammatory response to, 131, 
136-138, 140f 
pepper spray in, 133-134 
psychiatric issues in, 132, 134, 136 
SIDS and, 131 
vagal stimulation in, 131 
Chop wounds 
accidental, 361 
defined, 357 
motorized tools, 363 
Chronic aspiration, 137-138, 140f 
Chronic care facilities, hanging in, 74—75 
Circuit types in electricity, 213 
Circumrescue collapse, 254 
Clothing 
in bathtub drownings, 277 
decomposition and, 41 
examination of, 10, 310, 372 
and falls from heights, 425 
and fire, 187 
in firearms injuries, 310, 319-321, 346 
in identification, 8, 188 
personal effect, 189f 
and sharp-force injuries, 359t, 371-372, 
374f, 387 
CNS. See Central nervous system (CNS) 
Coagulopathy, transfusions, 7 
Coal gas suicides, 151 
Cocaine. See also Drug abuse 
body temperature and, 40 
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in excited delirium, 142 
injection of, 395f 
levels, determination of, 522 
and rhabdomyolysis, 457 
and rigor mortis, 26 
in taser deaths, 143 
Cold-shock response, 253 
Cold water, immersion in, 253-255 
Coma, 589-591 


Commotio cordis (cardiac concussion), 433-— 


435 
Commotio medullaris (brainstem 
concussion), 566, 607, 613-616 
Communication, 2, 13, 15-16 
Complete autopsy, 2, 12 
Concurrence observations in time of death 
determination, 59-60 
Concussion defined, 525 
Confined space deaths 
described, 154-156 
fire in, 182, 210 
Consensual sexual activity 
bite marks in, 419 
death from, 119 


Contraction band necrosis, electrocution, 224 


Contusions (See Cerebral contusions) 
described, 406, 407f 
mimicry of, 33, 42-43, 51f 
multiple, alcoholics, 417f 
origins of, 410, 411 
perception of, 414 
periorbital, 525f 
pulmonary, 439-441 
punch, 416f 
scalp, 411, 413f, 526 
Coronary arteries, blunt trauma in, 434 
Corpus callosum, lesions of, 558-561 
Craniocerebral injuries 
in brainstem failure, 607 
cause of death determination, 592 
described, 519-521 
and the pituitary gland, 588 
subarachnoid bleeding in, 543-544 
syndromes of, 588-591 
Craniospinal trauma in children, 585-588 
C-reactive protein, 450 
Creche coronary, 131 
Cricoid fractures, 94t, 98, 100f 
Crocodile skin, 221, 222f 
Current in electricity, 214-215, 221-222 
Cutis anserina (goose bumps), 24, 268 
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Cyanide in incapacitation, 197 
Cyanosis of the face, 33 
Cylinder gap effect, 318, 329f 


D 


DAD. See Diffuse alveolar damage (DAD) 
DAI. See Diffuse axonal injury (DAT) 
DC circuit, 213, 226. See also lightning 
strikes 
Dead at the scene, 588-590 
fire-related deaths, 185-188, 194—203 
Decapitations, 100 
Decomposition (See Trauma, decomposition 
and) 
anthropophagy and, 41, 49f, 55-57 
burial and, 41 
cause of death determination, 49 
changes, progression of, 41-49 
in children, 41 
and clothing, 41 
discoloration in, 42—43 
drowning and, 244, 268 
environment and, 41, 49 
factors promoting, 41 
in firearm injuries, 49f 
of hair, 46 
overview, 40-41 
and petechiae, 35, 36f 
rigor mortis and, 26 
soft tissue trauma and, 17 
variations of, 49-52 
Decompression sickness, 281-283 
Decubitus ulcers, 422-424 
Deep venous thrombosis (DVT), 451, 453— 
454 
Defense wounds, 107t, 360t, 377—380, 419 
Degradation described, 44, 46 
Dementia and TBI, 593-594 
Dementia pugilistic, 594 
Depot-derived fat embolism, 450 
Diaphragm, blunt trauma to, 440-442 
Diatom analysis testing, 266—268 
DIC. See Disseminated intravascular 
coagulation (DIC) 
Diffuse alveolar damage (DAD), 6 
Diffuse axonal injury (DAD), 520, 547, 555, 
558-564, 583, 591 
Diffuse Lewy body disease, 593, 594 
Diffuse vascular injury, 564-565 
Discoloration 
in carbon monoxide poisoning, 32, 33, 34f 


629 


in decomposition, 42-43 
ears in drowning victims, 264f 
in hydrogen sulfide poisoning, 33 
in livor mortis, 32—35 
in strangulation injuries, 35f, 36 
Disease 
choking and, 134 
and drowning, 256 
fat embolism and, 449 
in fire victims, 205 
and impalement, 362 
other CNS, as cause of unexpected 
neurological death, 608 
other, CNS in TBI, 521 
soot and, 205 
and trauma similarities, 5 
Dissection, aortic, 438 
Disseminated intravascular coagulation (DIC) 
described, 6—7 
hemolysis 
in drowning, 251 
in decompression sickness, 283 
in post-burn victims, 209t 
Dissolution, 46—49 
Distension, 43-44 
Distribution in livor mortis, 31-32 
Diving, types of, 279 
Diving deaths, 255, 278-285 
Diving reflex in cold-shock response, 251, 
255 
Documentation methodology, 9, 409 
Dog bites, 388-389 
Drowning 
in accidental death, 271, 274-275, 277f 
in adolescents, 244 
alcohol and, 244, 245, 252, 256-257, 271 
artifacts, postmortem, 268-271 
bathtub, 245, 248t, 249t, 251, 257, 257f, 
267, 271-278 
blunt trauma and, 255 
brain damage in, 251, 253 
break point in, 252 
in buckets, 245-246 
cause of death determination, 243-244, 
277 
in children, 245, 246, 275 
decomposition in, 244, 268 
described, 243 
determination of, 265-268 
discoloration in petrous ridges, 264f 
disease and, 256 
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drug abuse and, 244, 257 
dry, 252, 256, 266 
elderly persons, suicide by, 275-276 
electrolyte disturbance in, 251 
and epilepsy, 256, 274, 274f, 275f, 276f 
gastrointestinal tract in, 264, 267, 280 
heart disease in, 254, 256 
heart weights in, 263-264 
homicide by, 244, 256, 268, 277, 278f 
hypoxia in, 246, 250-254 
in infants, 245, 246, 277f, 278f. See also 
Infants, drowning in. 
lungs in, 260-263 
in males, 244, 245, 258. See also males, 
drowning in. 
manner of death determination, 243, 244, 
272t-273t 
mechanism of, 246, 250-251, 255-256 
motor vehicle crashes and, 245, 255 
natural death,272t—273t, 277 
near-drowning, 252—253 
organ weights in, 263, 264 
psychiatric issues in, 247t—249t 
pulmonary edema in, 252, 260-263 
respiratory arrest in, 251 
risk factors, 244—246 
saltwater, 250, 251, 260, 262, 265, 270 
secondary, 252 
suicide by, 244, 246, 247t-—249t, 250f, 
257, 258, 271, 275-277 
suicide notes in, 246, 247t, 249t 
in swimming pools, 245, 267 
toxicology, 247t-249t, 256, 257, 274 
vagal stimulation in, 250 
wet (See Wet drowning) 
witness to, 243 
Drug abuse. See also Cocaine. 
asphyxia and, 142 
and drowning, 244, 257 
in fire incapacitation, 197 
in sharp-force injuries, 379 
and suicide attempts by hanging, 74, 76, 
361 
track marks, 396f 
venipunctures, self-inflicted, 395f 
Drying. See mummification. 
Duct tape in smothering, 126 


E 


Ears 
barotrauma in, 280 


Index 


contusions, 525f 

in drowning victims, 264—265 
Edema 

in anaphylactic shock, 390 

cerebral, gunshot injury, 328 (See Brain 

swelling) 

in post-burn victims, 208t 

pulmonary (See Pulmonary edema) 
Education 

and autopsy, 2, 11, 12, 15 

photography in, 9-10 

tissue retention in, 13-14 
Elderly persons 

aspiration in, 136 

bruising in, 410-411 

burn injuries in, 182, 185 

chest wall fractures, 426 

COHb levels in, 198 

cold-shock response in, 253 

CSDHs in, 538-539 

hanging in, 73f 

hyoid fractures in, 95, 96 

plastic bag asphyxia, 123-124 

rigor mortis in, 26 

SCI in, 580 

suicide by drowning, 275-276 
Electrical appliances, electrocution by, 216 
Electrical cord injuries, 37f, 78 
Electrocution 

accidental death, 217 

bathtub, 216, 219, 277 

charring in, 220 

described, 211-215 

epidemiology/circumstances, 215-217 

homicide by, 217 

hypoxia in, 214 

internal injuries, 221t, 223-227 

microscopy/trace evidence, 227-228 

rigor mortis in, 30f, 213 

suicide by, 217 

water submersion, 255 
Electrolyte disturbance in drowning, 251 
Emaciation and rigor mortis, 26 
Embalming artifacts, 54-56 
Embalming procedure, 54 
Embolism 

air, 392-393, 455 

amniotic fluid, 455, 456f 

bone marrow, 451, 453f 

brain, 454, 455f 

cartilage, 455 
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fat, 206, 449-451 
liver, 454, 456f 
megakaryocytic, 455, 457f 
thromboembolism (See 
Thromboembolism) 
Endocrine dysfunction and hypothermia, 417 
Endoscopy, limited autopsy, 12 
Energy absorption/dissipation in injury, 
520-521 
Entry wounds 
determination of, 342, 344, 346, 347 
firearms, 302—304, 306-317, 320-321, 
325-326 
fracture patterns of, 333-335 
handguns or rifles, 301f, 303f, 305f, 
308f-311f, 313f-315f, 
319f-322f, 324f, 333f, 335f, 
342f. See also Shotguns, 
wounds by. 
skull, 332-338 
thermal injuries, 220 
Environment and decomposition, 41, 49 
Epidermal necrosis, electrocution, 220 
Epidural hemorrhage (EDH) 
in asphyxia, 122 
autopsy procedure, 522 
cause of death/blood volume in, 540-542 
in charring deaths, 193, 196f 
in firearms injuries, 338 
posterior fossa, 556 
in skull fractures, 529, 532-535, 540-542 
in unexpected neurological death, 608 
Epilepsy 
and craniocerebral injuries, 592, 607 
drowning and, 256, 274, 276f. See also 
Drowning and epilepsy. 
sudden death from, 608, 616 
SUDEP, 616 
Equipment in diving deaths, 278, 283-284 
Ethanol intoxication, 73f. See also Alcohol. 
Evidence collection 
in firearms injuries, 317, 326f 
overview, 15 
Excited delirium, 142 
Exit wounds 
examination of, 342, 347 
firearm injuries, 304, 306, 308f, 315, 324, 
328 
fractures in, 333-335 
mimicry of, 315, 322f 
shored, 304, 307f 
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skull, 332, 333 
thermal injuries, electrocution, 219f, 220 
Explosions. See blast injuries 
Exsanguination 
from sharp-force injuries, 361, 375, 385, 
386, 391. See also Sharp- 
force injuries, 
exsanguination. 
from skin laceration, 410, 411f 
from skull fractures, 529-530 
in thermal injuries, apparent, 194 
External examination 
autoerotic asphyxia, 114-117 
choking, 134 
CO poisoning, 152 
hanging deaths, 78-86, 119-120 
overview, 8-11 
plastic bag asphyxia, 126 
SIDS/smothering, 122, 128 
submerged body, 257-258 
traumatic asphyxia, 146-147 
Extra-Alveolar Air Syndrome, 279-28 1 
Extremities 
blunt trauma in, 448-449 
charring of, 185, 195f 
electrical burns on, 218 
heat amputation of, 193 
injury in falls, 426 
Eyes 
hemorrhage in, 36, 37f, 38f, 338, 525f 
postmortem changes in, 49, 51, 51f (See 
also Periorbital hematomas; 
Taches noires sclérotiques) 
sharp-force trauma, 384 
in vitality determination, fire death, 
199-200 


F 


Face 
chain saw injuries, 363 
charring of, 185 
cyanosis of, 33, 83 
in identification, 8 
injuries from firearms, 331, 336, 339f 
injury, simulation of, 44 
Falls from heights, 424-427 
Fat embolism, 206, 449-451 
Fat embolism syndrome (FES), 449-451 
Feet, electrical burns on, 218, 219f 
Feet, skin degloving in, 48f 
Feline predation, postmorten, 57, 58 
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Females 
adipocere in, 52 
autoerotic asphyxia in, 113, 114, 116 
defensive injuries in, 377 
firearm injuries in, 296 
homicide, location, 361 
human bite marks in, 421 
murder-suicides of, 296 
self-immolation in, 182 
sharp-force injuries in, 359t—360t 
suicide prevalence in falls, 424 
Fingerprinting 
of burn victims, 190 
of firearms, 342 
methodology, 10 
and mummification, 50f 
soot mimicry of, 327f 
Fingers, sharp-force injury, 363, 380f 


Firearm injuries. See also individual weapon 


type by name 
abdominal, 313, 333f 
accidental, 296 
accident creation in, 300 
alcohol in, 345-346 
autopsy procedures, 346-347 
backspatter in, 318, 319, 330f, 343, 344 
beveling in, 332-333, 339f 
blood vessels, 331, 339 
brain, 328-330, 336-338, 343f, 344f 
bullets, comparison of, 340 
cerebral contusions in, 328, 336, 337f, 
338f, 344f, 554 
chest, 313, 315, 339, 340 
clothing in, 310, 319-321, 346 
concealment of, 184f 
decomposition in, 49f 
demographics of, 295-296, 300 
entry wounds (See Entry wounds) 
epidural hemorrhage in, 338 
evidence collection in, 317, 326f 
exit wounds, 304—306, 308f, 315, 324, 
328 
face, 331, 336, 339f 
in females, 296 
fingerprinting of 
firearm, 342 
hands, 327f 
gunshot residue, determination of, 344— 
345 
head, 306, 327-328, 341f, 345f 
heart, 331, 339 
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hemorrhage in, 308, 309f, 338, 340, 344f, 
345f 
homicide, 297, 298, 307, 309f, 310f, 313, 
333f 
incapacitation in, 319, 328-329. See also 
Incapacitation, in firearm 
injuries. 
infections from, 331 
injury potential/lethality of, 326-331 
internal, remote, 338-340 
interpretation of, 9 
intracranial ricochet, 336-337, 342f, 343f 
in males, 296 
mimicry of charred body, 193, 196f 
mouth, 315-316, 323f 
multishot, 313-315, 319f, 320f, 344f 
psychiatric issues in, 299, 300 
radiography in, 308, 309f, 312f, 321-325, 
347 
scene, examination of, 296-302 
self-inflicted (See also Suicide, by 
firearm) 
described, 295-302 
entry wound range in, 306-311 
hands in, 317-319 
wound location in, 311-313 
wound track in, 336f 
and sepsis, 339f 
skin, 315-316 
skull, 323, 324f, 332-338 
soft tissue, 340 
soot in, 301f, 303, 307-311, 313-315, 
318f, 321, 340, 342, 347 
spinal cord injuries, 330 
suicide notes in, 299 
tangential, 337-338 
toxicology, 345-346 
weapon 
examination of, 342-344 
removal of, 297-298 
types of, 296-297, 302 
witnesses to, 300 
wound retention in, 342, 347 
wound track in, 336f, 340-341, 343f 
Fires 
circumstances of, 181-182 
described, 182-185 
lethality in, 194 
Firing hand, 318, 345 
First-pass phenomenon, 202-203 
Flail chest, 428 
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Flame injury, 181 
Flash burns, 216, 221 
Flashover, 182, 194, 223 
Flies, 55-57 
Force. See also Velocity 
applied, degree of sharp-force injury, 
368, 371-372 
defined, 406 
degree/direction of, 410-411, 428, 520, 
524, 530f 
Foreign body aspiration. See Choking 
deaths. 
Forensic autopsy, 2, 3t—4t, 9 
Forensic entomology, 55-57 
Fractal defined, 223 
Fracture—dislocations 
in cervical fractures, 574, 576, 578, 581f 
classification of, 584 
as complication of resuscitation, 430t 
described, hanging, 99 
examination of pelvis, 447 
in lumbar fractures, 579, 580 
Fractures 
burst, 580 
butterfly, 474 
cause of death determination in hanging, 
100 
cerebral contusions, 533f 
cervical, 99-101, 578-579, 581, 614f 
chest wall, 426, 428, 487 
classification/patterns of, 525-528 
contrecoup, of skull, 527, 528f 
cricoid, 94t, 98, 100f 
and DVT, 453 
in entry/exit wounds, patterns of, 333-335 
falls from heights, 426 
fat embolism and, 450 
in hanging deaths, 90-101, 121 
heat, 185, 193, 195f 
hemorrhage near, 87 
hinge, of skull base, 529 
hyoid bone, 92-99 
incidence, age and hyoid fracture, 98 
lumbar, 579-580 
motor vehicle collisions, 474-476 
and obesity, 100, 101f 
occipital condylar, 531 
pelvic, 447-448, 476, 477f, 480 
pneumothorax from, 426, 428, 430t, 440 
in ribs, 426, 428, 429f, 431, 445-446 
in rigor mortis, 29f 
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ring, 529 

from seat belts, 464 

signs of, 408, 409f 

skull (See Skull, fractures) 

spinal cord injuries, 578-580 

in strangulation injuries, 92-95 

in suicide by hanging, 91-92, 94t 

superior horn, 93f, 98, 99f, 105 

thoracic, 579, 582f 

thyroid cartilage, 98 

vertebral 
classification/pathogenesis, 575-577 
detection of, 575 

wedge, 579-580 


Free falls from heights, 424-427 
Frostbite, 418f 


Gagging, 138. See also Choking deaths 
Gas outlet burns, 310 
Gastric contents 


aspiration of, 136-137, 252 
emptying, factors affecting, 54 
in time of death determination, 52—54 


Gastroesophageal reflux in acute aspiration, 


136, 137 


Gastrointestinal tract 


blunt force trauma to, 442 
in drowning victims, 264, 267, 280 


Gas use in smothering, 126 
Genital mutilation 


in autoerotic asphyxia, 85, 115, 116 

in consensual sexual activity, 119 
described, 381 

in homicide, ligature strangulation, 107t 
in sexual assault, 102 


Gettler test, 265 
Goose bumps (Cutis anserina), 24, 268 
Gunshot residue, determination of, 344-345 


Hair 


decomposition of, 46 
in fire situations, 189-190 


Handguns (See Rifles) 


described, 302 

entry, 309f (see also Entry wounds, 
handguns or rifles) 

gunshot residue determination in, 345 

in suicide, 296, 297, 300, 312 (see also 
Suicide, by firearm) 
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velocity of, 326-327 


Hands 


chain saw injuries, 363 

cylinder gap effect, 318, 329f 

electrical burns on, 218 

examination of contact firearm wounds, 
347 

gunshot residue, determination of, 344— 
345 

muzzle gap effect on, 330f, 331f 

in suicide by firearm, 317-319, 326f, 
332f 


Hanging deaths. See also Neck compression; 


Suicide, hanging 
accidental, children/adolescents, 75—78, 82 
autoerotic asphyxia, 111-117 
autopsy procedures, 86-102, 120-121 
described, 70-72 
during incarceration, 72—74 
external examination, 78—86, 119-120 
fractures in, 90-101, 121 
homicide, 72, 77—78, 80, 86 
in nursing homes/chronic care facilities, 

74-715 

in psychiatric institutions, 74 
judicial, 99, 102f 
manner of death determination, 78 
neck ligatures in, 78-80 
petechiae in, 66-68, 83-84, 90, 102 
suicide 

males, 72, 74—76, 85 

neck compression in, 65-66, 79-82, 

301f 

notes in, 72, 76 

vagal stimulation in, 86, 111 
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injuries from firearms, 331, 339 

stab wounds in, 368, 384-386 

weights in drowning deaths, 263-264 
Heart disease 

in autoerotic death, 119f 

and cold-induced arrhythmia, 417 

in drowning death, 254, 256 

petechiae in, 69 

in SND, 618 

in unexpected neurological death, 608 
Heating systems in CO poisoning, 151 
Heat loss, postmortem. See Body cooling 

(algor mortis) 
Heavy machinery, traumatic asphyxia in, 
145-146 

Heights, free falls from, 424-427 
Heimlich maneuver, 136 
Hematoma 

in blunt force injuries, 411, 413f 

periorbital, 36, 37f, 38f, 338, 341f, 527 

subcapsular—intrasplenic, 444 
Hemoglobin, contusion, 414 
Hemorrhage 

aging, 415 

from blunt trauma, 340, 410, 411 

brainstem, 572, 573f 

in burn victims, 200—201 

cerebellar, 555-557 

and CNS disease, 521 

diffuse vascular injury, 564—565 

Duret, 572 

epidural (See Epidural hemorrhage 

[EDH]) 
eyes, 36, 37f, 38f, 338, 525f 
in firearm injuries, 308, 309f, 338, 340, 


344f, 345f 

fractures, hanging, 87 

frank coagulopathy, 6—7. See 
Disseminated intravascular 


Hangman’s fracture, 99, 102f 

Hara-kiri, 375 

Head-down position in asphyxia, 139-141 
Head injury 


aneurysm rupture and, 617 

in car crashes, 470, 472, 477-478 
cardiorespiratory changes after, 613-616 
disability following, 589t, 591-592, 594 
in falls, 426 

by firearm, 306, 327-328, 341f, 345f 
and SND, 610 


Heart 


blunt trauma injury to, 406, 432-434 

cold water response of, 251, 254-255 

electrical damage to, 214, 215, 220, 22 It, 
223 


coagulation (DIC) 
intracerebral (See Intracerebral 
hemorrhage) 
intracranial, 531-547 
intraventricular, 546 
livor mortis, 35-38 
location and spinal cord injury, 575 
in neck compression, 38, 39f, 105 
peridural, 540, 542, 581 
in post-burn victims, 208t, 209t 
postmortem, 35-39, 80 
retroperitoneal, 446-447 
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in rib fractures, 429f, 431 
sites of hanging, 88—90 
and SND, 617, 618f 
in soft tissue, 38, 39f, 87-88, 93f, 193 
in stab wounds, 366, 370f, 377, 383f 
subarachnoid (See Subarachnoid 
hemorrhage [SAH]) 
subdural (See Subdural hemorrhage 
[SDH]) 
tongue, 101-102, 200 
Hemosiderin, 414, 416, 534, 538, 550, 551 
Hemosiderosis, 542f 
Hemothorax 
from air bag deployment, 468t 
from blunt trauma, 428, 430t, 432, 436, 
438, 440 
from catheter insertion, 393 
and postmortem bleeding, 35 
from stab/incision wounds, 386 
Henry’s law defined, 279 
Herniation 
brain, 538, 540, 542, 571, 572f 
contusions, 554, 555f 
Hesitation wounds, 85, 360t, 376f, 377-379 
Hip injuries, 476, 480 
Histamine, 389 
Hog-tied prone position, 142 
Homicide 
autoerotic asphyxia, 113 
bone/cartilage injuries in, 381, 383 
choking, 134 
clothing in, 372 
concealment of blunt trauma, 486 
decomposition in, 49f 
by drowning, 244, 256, 268, 277, 278f 
by electrocution, 217 
exit wounds in firearms, 306 
females, location, 361 
by firearm, 297, 298, 307, 309f, 310f, 
313, 333f 
in fire scene, 184f, 194-202 
fractures in neck, 92—93 
gagging, 138 
genital mutilation in strangulation, 107t 
hanging victims, 72, 77—78, 80, 86 
intent, indication of, 3t, 366 
ligature strangulation (See Ligature 
strangulation) 
manual strangulation, 104-105, 108f, 109 
mimicry of, by motor vehicle trauma, 
482, 484 
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overview, 3t 
patterned injury in, 419 
purposeful activity after, 384 
rifles in, 334, 334f 
sexual assault and asphyxial deaths, 77, 
102 
sharp-force injuries in, 358-361, 370f, 
374, 380f, 383 
smothering, 121, 122, 124, 128 
suicide, multishot, 313-315, 319f, 320f, 
344f 
traumatic asphyxia, 145 
vs suicide, 379 
Hospital autopsy, 1, 2, 3t, 4t, 9, 11 
Human bite marks, 419, 421-423 
Hunting incidents, 300, 301f, 340 
Hydrogen sulfide poisoning, discoloration 
in, 33. See also Space—hypoxia 
syndrome 
Hydrothorax, 393 
Hygromas, subdural, 538 
Hyoid bone fractures, 92-99 
Hypercoagulability, 5. See Pulmonary 
thromboembolism. 
Hypostasis, 28, 37. See Livor mortis. 
Hypotension, 566 
Hypothermia 
and blood coagulation, 7 
blunt trauma and, 409f, 412f, 416-419 
in cold water immersion, 253—255 
in confined space death, 156 
in diving deaths, 255, 284 
and rectal temperature, 40 
and rhabdomyolysis, 457 
in SIRS, 6 
Hypoxia. See also Hypoxic—ischemic 
encephalopathy 
in autoerotic asphyxia, 111, 118 
brain damage from drowning, 254 
brain protection from, 255 
and capillary rupture, 67 
in CO poisoning, 152, 155 
in drowning, 246, 250-254 
in electrocution, 214 
in positional asphyxia, 141, 142 
in SIDS, 122 
in smothering deaths, 126 
stagnant, 66 
unconsciousness from, 252 
Hypoxic—ischemic encephalopathy, 523, 
563, 565-570, 586, 591, 612 
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Iatrogenic illness, 390, 391 
Identification 
of fire victims, 188-190, 191f, 192f 
overview, 3t—4t, 7-8 
photography, 10 
in suicide determination, 246 
Immersion in cold water described, 253-255 
Immersion response, 254 
Immersion syndrome, 252 
Immobilization, 5. See Pulmonary 
thromboembolism. 
Impact severity, 406 
Impalement 
described, 357, 362, 366 
of the palate, 384 
of the skull, 363f, 383, 385f 
stabbing, 364, 372 
Incapacitation 
in accidental death, bathtub, 271 
asphyxia and assessment of, 137, 148, 487 
during fire, 194-197 
in firearm injuries, 319, 328-329 
in manner of death determination, 295 
tasers in, 143 
Incision wounds 
accidental, 361 
autopsy procedures, 387-388 
correlation of, 364-373 
defined, 357, 358f 
direction, determination of, 375 
mechanism of death, 386-387 
self-inflicted, 374f—376f, 382f 
Infanticide, 121, 122, 278f, 370f 
Infants (See Non-accidental injury) 
body temperature in, 40 
brain swelling in, 585-587 
choking in, 131, 133f 
craniospinal trauma in, 585-587 
decomposition in, 41 
drowning in, 245, 246, 277f, 278f. See 
also Drowning, in infants. 
rigor mortis in, 26 
SDH in, 586-588 
smothering of, 121, 122, 126-128 
wedging in, 129-130 
Infections 
from CSF leakage, 530-532 
of decubitus ulcers, 423 
from dog bites, 388 
from firearms injuries, 331 
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in post-burn victims, 208t, 209t 
and sudden neurological death, 609 
Inflammatory response 
in anaphylaxis, 389 
to animal predation, 58 
in antemortem changes, 46 
and ARDS, 6 
and cerebrocranial/vertebrospinal 
injuries, 520 
to choking, 131, 134, 136-138, 140f 
to contusions, 550-551 
in decubitus ulcers, 423 
in diving deaths, to stomach lacerations, 
280 
fat embolism in, 450 
in injury aging, 414, 415 
to neck compression, 105 
SCI, 580, 583 
in seat belt injury, pancreas, 461t 
to smoke inhalation, 210 
in thermal injuries, 193 
Inhalants in autoerotic asphyxia, 118 
Inhalation injury. See also Smoke inhalation 
burn epidemiology in, 207 
described, 200, 201f, 202f 
determination of, 210 
soot and, 205, 210 
Injections, 389-390 
Injury. See also Wounds 
aging of, 411-416 
air bag deployment, 464-469 
brain (See Brain, injury; Traumatic brain 
injury [TBI]) 
catheters, 391-393 
causation, 406 
documentation of, 10, 522 
energy absorption/dissipation in, 520-521 
head (See Head injury) 
inflammatory response in, 414, 415 
inhalation (See Inhalation injury; Smoke 
inhalation) 
light aircraft fatalities, 487t 
to neurons, 520, 566-567, 583 
patterned, 419, 422f, 457 
patterns of, 416-422, 425-426, 521 
resuscitation, 4, 9, 85, 395f, 430t 
seatbelt-associated, 460-463 
spinal cord (See Spinal cord injuries [SCI]) 
vertebral column, 576-577 
Insects, 41, 49f, 55-57, 389-390 
Instantaneous rigor described, 26-27 
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Intensive care, complications during, 6—7 
Intent 
accidental death, 3t, 150, 151, 152, 154 
homicidal, indication of, 3t, 366 
suicidal, 2, 3t, 53f, 105, 111, 246, 257, 
295 
Internal examination. See Autopsy findings 
Internal jugular vein (IJV) valve, 68-69 
Intracerebral hemorrhage 
artifactual/trivial, 546-547 
traumatic, 544-546 
Intubation 
and aspiration, 136 
inflammatory response to smoke 
inhalation, 210 
injuries from, 109-110, 372, 373f 
Involuntary muscle in rigor mortis, 24—25 
Ischemia, 224. See also Hypoxic—ischemic 
encephalopathy 
Isthmus of aorta, 434-436 
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Jackknife injury, 145 

Jaw, examination of rigor mortis, 27 
Joint stiffening in rigor mortis, 25—28 
Joule’s law defined, 213 

Judicial hangings, 99, 102f 

Jugular venous system and petechiae, 68 
Jumpers, 424 
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Ketosis, cold-induced, 419 

Kidney failure in post-burn victims, 208t, 
209t, 224 

Kidney weights in drowning deaths, 263 

Kinetic energy, 406, 472 

Kissing burns, 220 

Knife angle and skin surface, 366 

Knife wounds, correlation of, 364—372. See 
also Stab wounds 


L 


Lacerations 
brain, 547-557 
described, 406, 408 
direction of force determination in, 411 
histological assessment of, 414, 415f 
mesentery, 442, 443f 
pericardial, 432 
Larynx, anatomical variations in, 97f 
Lichtenberg figures, 223 


637 


Ligature strangulation 
accidental, 108f 
autoerotic asphyxia, 111-117 
described, 70 
in hanging deaths, 78-80 
homicide vs suicide, 106t—107t 
suicide by, 103-104 
toxicology, 105 
Light aircraft fatalities, 486-488 
Lightning strikes 
arcing in, 220 
effects of, 220-224, 226, 227 
formation of, 217 
nature of, 213-215 
Limited autopsy, 12, 13 
Liver 
blunt force trauma to, 442 
embolism, 454, 456f 
failure in post-burn victims, 208t 
injuries, motor vehicle collisions, 442 
weights in drowning deaths, 263 
Lividity, patchy, 28-29, 31 
Livor mortis 
described, 28-31, 33f-38f, 44f 
discoloration in, 32—35 
distribution/pressure points in, 31-32 
hemorrhage, postmortem, 35-38 
Long guns. See Rifles; Shotguns 
Longitudinal spreading lesion, 582f, 584 
Long-scarf syndrome, 103-104, 108f 
Lucid interval, 589-590 
Lumbar fractures, 579-580 
Lungs 
anaphylactic shock, postmortem 
assessment of, 390 
blast injuries in, 229 
blunt trauma to, 439-441 
diatoms in, 267 
disease and petechiae development, 69 
divers, volume in, 280 
in drowning deaths, 260-263 
edema in, 6 (See also Pulmonary edema; 
Neurogenic pulmonary 
edema) 
electrocution injury in, 225 
inhalation injury to, 200 
stab wounds in, 370f 
weight of drowning, 260-261 


M 
Maggots, significance of, 57 
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Males 
autoerotic asphyxia in, 112, 116 
CO poisoning in, 150 
CSDHs in, 538 
drowning in, 244, 245, 258 
firearm injuries in, 296 
homicide, location, 361 
human bite marks in, 421 
hyoid development in, 95 
plastic bag asphyxia in, 125t 
railroad-related deaths in, 485 
sexual assault of, homicidal hanging, 77 
sharp-force injuries in, 358-361 
suicide 
by hanging in, 72, 74-76, 85 
by smothering/suffocation, 126 
tasers and, 143 
thermal injuries in, 181, 182, 216, 217 
Mammalian diving response, 255 
Manner of death determination 
drowning, 243, 244, 272t-273t 
flame injury, 181 
in hanging deaths, 78 
incapacitation in, 295 
overview, 3t, 5, 10-11 
sharp-force injuries, 358-360 
smothering, 121 
in suicide, 2, 3t, 10, 76 
Marbling defined, 42, 44f 
Mask squeeze, 280 
Masque ecchymotique, 146-147 
Mast cell activation, measurement of, 390 
Mechanical asphyxia, 65-66. See also 
Hanging deaths; Wedging; 


Smothering; Choking' Choking deaths; 


Aspiration; Gagging; Positional 
asphyxia; Ligature strangulation; 
Strangulation injuries, manual; 
Drowning. 
Medical care, 372, 381f, 390. See also 
Intubation; Resuscitation 
Medical records. See Charts, review of 
Medicolegal death investigations 
autopsies in, 2, 5f, 10, 12 
microscopy in, 14 
photography in, 9-10 
Megakaryocytic embolism, 455, 457f 
Mendelson’s syndrome, 136 
Mesentery lacerations, 442, 443f 
Messerer’s wedge, 474 


Methemoglobinemia, discoloration in, 33, 34f 


Index 


Microgliosis, 560 

Microscopy, 14 

Minor neurological disability, 589t, 591-592 
Moderate neurological disability, 589t, 591, 
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MODS. See Multiple organ dysfunction 


syndrome (MODS) 


Motorbike injuries, 574 
Motorized tools, injuries by, 363, 365f, 377, 


383 


Motor vehicle collisions 


air bag deployment injuries, 464—469, 
579 

aortic trauma in, 434-438 

blunt trauma in, 420f, 421f, 422f 

cervical fractures in, 578 

coup contusions in, 553, 554f 

diaphragm, 440-442 

and drowning, 245, 255 

fatalities, types of, 482-484 

and fire, 189f, 203f-205f 

fire patterns in, 205 

frontal/head-on, 457-460, 474 

identification in, 189f, 192f 

and impalement, 362, 363f 

liver injuries, 442 

out-of-position front seat occupant, 465t, 
466 

overview, 457 

pedestrians in, 474-481, 553, 554f 

rear-impact, 471 

respiratory tract injuries to, 439-440 

rollover collision, 471—473 

seat belts, 458-464, 470, 558 

side-impact/side swipe, 469-471 

skull fractures in, 478, 524-529 

spleen injuries, 445 

traumatic asphyxia in, 144-146 


Mouth 


examination of, 27 
in firearm injuries, 315-316, 323f 


Multiple organ dysfunction syndrome 


(MODS), 6 


Mummification, 49-52 
Munchausen syndrome, 381 
Murder-suicide 


classification of, 302 
perpetrators 
demographics of, 296 
motivations of, 299-300, 302 
temporal relationship in, 302 
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toxicology, 345-346 
witnesses to, 300 
Muscle 
electrical conduction in, 213, 214 
electrocution injury in, 224, 225, 227 
rigor mortis in, 24—28, 30f 
tetany, electrocution, 213 
Mutilating injuries, 381. See also Genital 
mutilation 
Muzzle imprints, 316, 321f, 325f 
Myocardial contusion, 432, 433f 
Myocardium 
in electrocution injuries, 223, 224 
in rigor mortis, 25 


N 


Nail gun suicides, 323 
Natural death 
drowning, 277 
hyoid fracture in, 96 
in motor vehicle collision, 482 
overview, 3t, 5-6 
petechiae in, 69 
water aspiration in, 244 
Near-drowning, 252-253 
Neck 
chain saw injuries, 363 
damage, weight required, 71-72 
furrow described, 80-83, 85f, 86f, 88f, 89f 
postmortem hemorrhage in, 38, 39f 
incision wounds in, 365f, 374f, 377f, 
379f 
injury and air bag deployment, 464-468 
ligatures in hanging deaths, 78-80 
stab wounds in, 359t, 370f, 374, 378f, 
387f 
Neck compression. See also Hanging; 
Suicide, hanging 
described, 65-66 
microscopic examination of, 105 
petechiae in, 66-68, 83-84, 90, 102 
signs of, 80-83 
in suicide by hanging, 65-66, 79-82, 
301f 
tongue injuries in, 101—102 
Needle insertion, limited autopsy, 12 
Neurofibrillary tangles (NFTs), 593, 594 
Neurogenic pulmonary edema (NPE), 592- 
593 
Neuroimaging studies in CNS examination, 
521-522 
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Neurons 

dark/dusky red, 568f, 569, 570f 

injury to, 520, 566-567, 583 

selective neuronal necrosis, 566-569, 583 
Newborns, body temperature in, 40 
Nitrogen in decompression sickness, 28 1—283 
Nitrogen narcosis, 279 
Nonaccidental injury (NAI), 585-587 
Nonfiring hand, 318, 345 
Nursing homes 

burn epidemiology in, 206—207 

decubitus ulcers in, 423 

hanging in, 73-75 

restraints, deaths due to, 74—75 


O 


Obesity 
and adipocere, 52 
bruising and, 411 
carotid intimal tears in, 102 
fractures and, 100, 101f 
and rigor mortis, 26 
Observers at autopsies, 15 
Occupant restraint systems, 458-469 
Ohm’s law defined, 211 
Oleoresin capsicum (OC), 133 
Organ harvesting, 12—13 
Organ retention, 13-14 
Osmolarity testing, 265 
Overlaying described in drowning, 122 
Oxygen toxicity in diving, 279 


P 


Paradoxical undressing described, 417 
Paraphilia. See Autoerotic death 
Paraplegia, isolated, 589t, 592 
Particulate material, aspiration of, 137 
Pathologist, role of, 1-2, 12 
Pathway of electrical current in lethality, 
214-215 
Patients who talk and die, 589-590 
PCP (phencyclidine [phenyl-cyclohexyl- 
piperidine]), 143 
Pedestrians in motor vehicle collisions, 474— 
481 
Pelvis 
fractures of, 447-448, 476, 477f, 480 
mummification in, 52f 
Pencil-shaped necrosis, 582f, 584 
Pepper spray in choking deaths, 133-134 
Perforation injuries, catheter, 393-394 


640 


Pericardial laceration, 432 
Periorbital hematomas, 36, 37f, 38f, 338, 
341f, 527 
Personal effects in identification, 8, 188, 
189f 
Petechiae (Tardieu spots) 
by chest compression, 68-69 
conjunctival, 68, 69 
in craniocerebral injuries, 588 
in deaths due to restraints, 84 
decomposition and, 35, 36f 
described, 36f, 37f, 38f 
development of, 35, 69, 83-84 
differential diagnosis of, in brain, 565 
diffuse vascular injury, 564—565 
in electrocution injuries, 223-224 
in the eyes, from firearm injuries, 338 
facial, 68, 69 
in heart disease, 69 
in human bite marks, 421 
in neck compression, 66-68, 83-84, 90, 
102 
in plastic bag asphyxia, 126 
in SCI, 583 
in SIDS, 67f, 69-70 
smothering and, 67 
in strangulation injuries, 67 
subgaleal, 67 
on submerged bodies, 268 
thymic, 67f 
in traumatic asphyxia, 146-147 
Pet predation, postmortem, 57—59 
Phencyclidine (phenyl-cyclohexyl-piperidine 
[PCP]), 143 
Photography 
in bite mark interpretation, 422 
in the external examination, 9-10, 346 
in identification, 8 
interpretation of, 9 
Pica syndrome, 131, 132f 
Pink teeth/fingernails, 43, 45f 
Pituitary gland, 588 
Plasma specific gravity testing, 265 
Plastic bag asphyxia described, 122-126, 
129 
Pleural effusions in drowning deaths, 260 
Pneumonia in post-burn victims, 208t, 210 
Pneumothorax 
from air bag deployment, 468t 
assessment of, 284 
in blast injuries, 230t 
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in diving deaths, 280 
from fractures, 426, 428, 430t, 440 
from stab/incision wounds, 386, 392, 393 
in traumatic asphyxia, 147 
Poisoning deaths, discoloration in, 32, 33. 
See also Carbon monoxide poisoning 
Pornographic material in autoerotic 
asphyxiation, 112f, 114 
Positional asphyxia, 139-144 
Postmortem changes, assessment of, 4, 16, 
23-24 
Postmortem procedures, 60 
Powder grains in firearms, 302 
Power lines, electrocution by, 216 
Power tools, injuries by, 363, 365f, 377, 383 
Pressure points in livor mortis, 31—32 
Pressure sores, 422—424 
Prison inmates, 72, 73, 360 
Projectile travel, direction of angled firearm 
wounds, 308 
Prone restraint asphyxia, 142, 143 
Propane poisoning, discoloration in, 33 
Pseudoaneurysms, intrasplenic, 444-445 
Pseudostippling, 310 
Psychiatric institutions, hanging in, 74 
Psychiatric issues 
in choking deaths, 132, 134, 136 
in CO poisoning, 153 
in drowning, 247t—249t 
examination of, 4. See Psychological 
autopsy. 
and hypothermia, 417 
mutilating injuries, 381 
in prison inmates, 73 
in suicides, 76, 1O1f, 103, 299, 300, 361, 
375 
in thermal injuries, 181, 182, 227 
Psychological autopsy, 2 
Pulmonary edema 
antemortem, 199f 
in diving deaths, 283 
in drowning, 252, 260-263 
neurogenic, 592-593 
in SIDS death, 137 
in smothering/suffocation, 126 
and volume resuscitation in burn patients, 
207 
Pulmonary thromboembolism, 451-454, 530 
Pulmonary vessels, trauma to, 438 
Pupil size in rigor mortis, 25, 26f 
Purge described, 44, 46f 
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Putrefaction defined, 40-41, 43 
Pyrolysis defined, 183, 185 


Q 
Quadriplegia, isolated, 589t, 592 


R 


Raccoon eyes, 338, 341f, 525 
Radiography 

applications of, 11, 13, 203f 

of burn victims, 190, 191f, 203f 

catheter placement, 392 

in firearm injuries, 308, 309f, 312f, 

321-325, 347 

of fractures, 95 

neck, 575 

sharp-force injuries, 364 

skull fractures, 522 
Railroad-related deaths, 482, 484-486 
Royal College of Pathologists tissue 

retention guidelines, 13, 14 

Red line burn artifacts, 193, 194f, 220 
Relatives, legal rights of, 13 
Religion and autopsies, 12, 14 
Research, tissue retention for, 13-14 
Resistance in electricity, 213-214 
Respiratory arrest 

and chronic aspiration, 137 

in cold-water immersion, 253 

in drowning, 251 

from electrocution, 214, 215t, 226, 227 

in excited delirium, 142 

in fire deaths, 195 

from gunshot wounds, 327 

and head injuries, 613, 614f, 618f 

hypotension and, 566 

in hypoxic—ischemic injury, 523 

pepper spray and, 133 

in SND, 608, 609 

from therapeutic misadventure, 391 
Respiratory tract 

blunt trauma to, 439-440 

soot in, 200, 201, 205, 206 

tears in hanging, 102 
Restraints, deaths caused by. See also Seat 

belts 

hyoid fractures in, 96 

in nursing homes, 74—75 

petechiae in, 84 
Resuscitation 

children, injuries in, 109-111 
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closed-chest injuries, 428-432 
CPR (See Cardiopulmonary resuscitation 
[CPR]) 
face/neck injuries, 107, 109-110 
injury creation by, 4, 9, 85, 395f, 430t 
pulmonary edema and, 207 
Retroperitoneal hemorrhage, 446-447 
Rhabdomyolysis, 457, 458f 
Ribs 
fractures in, 426, 428, 429f, 431, 445— 
446 
sharp-force injuries in, 383 
Rifles 
contact wounds by, 308, 310, 336 
described, 302 
gunshot residue determination in, 345 
in homicides, 334 
in suicide, 296-299, 312, 313f 
velocity of, 326, 327 
Rigor mortis 
cocaine and, 26 
and decomposition, 26 
in elderly persons, 26 
in electrocution, 30f, 213 
emaciation and, 26 
fractures in, 29f 
in muscle, 24—28, 30f 
overview, 24-28 
semen deposition in, 25, 116 
Rocked knife wound, 366, 368f 
Rodent predation, postmortem, 57—59 


S 


Scalding, 206-207 
Scale requirements, photography, 10 
Scene, examination of 

autoerotic asphyxia, 112-114 

carbon monoxide poisoning, 150-152 

firearm injuries, 296-302 

overview, 2-7, 9 

thermal injuries, 185-188, 194-203 
Scrotum, mummification in, 51 
Seat belts, 445, 458-464, 470, 558 
Seat-belt sign, 421f 
Selective neuronal necrosis, 566-569, 583 
Self-immolation, 182, 183f, 203 
Self-inflicted cutting, 379, 381 
Semen deposition in rigor mortis, 25, 116 
Senile ecchymoses, 411, 412f 
Sepsis 

and body temperature, 40 
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as complication of ICU, 6 
decomposition and, 41 
from decubitus ulcers, 423 
firearms injuries and, 339f 
in post-burn victims, 208t, 209t 
and rigor mortis, 26 
from stab wounds, 373f 
Septicemia, 209t 
Severe disability, 589t, 591, 592 
Sexual activity, death from, 119 
Sexual assault 
anorectal injuries in, 362 
bite marks in, 419, 421 
electrical injury and, 220 
genital mutilation in, 102 
and homicide, 77, 102 
of males, 77 
paradoxical undressing in, 417 
Sharp-force injuries 
accidental death, determination of, 358— 
362 
alcohol in, 362, 379 
autopsy findings, 381-386 
autopsy procedures, 387-388 
in blood vessels, 383, 384, 385 
to the brain, 383-384 
cause of death determination, 386, 387 
clothing and, 359t, 371-372, 374f, 387 
correlation of, 364-373 
drug abuse in, 379 
exsanguination from, 361, 375f, 385, 386, 
391 
in females, 359t, 360 
in homicide, 358-361, 370f, 374, 380f, 
383 
in males, 358-361 
manner of death determination, 358-362 
mechanism of death, 386-387 
number, orientation, grouping in, 374— 
375 
overview, 357 
purposeful activity after, 384-386 
radiography, 364 
simulation of, 44 
in suicide, 358-361, 372f, 374, 375, 379, 
381 
survival of, 384-386 
Shock, 6, 208t 
Shotguns 
comparison to bullets, 341 
described, 302 
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gunshot residue determination in, 345 
in suicide, 296, 300, 307f 
wounds by, 304, 308f, 312f, 324, 325f, 
336, 339f 
SIDS. See Sudden infant death syndrome 
(SIDS) 
SIRS. See Systemic inflammatory response 
syndrome (SIRS) 
Skeletal muscle in rigor mortis, 25—28, 30f 
Skin 
blunt trauma injury 
described, 406—409 
significance of, 409-422 
cyanosis in copoisoning, 152 
elasticity in stab wound correlation, 366, 
371 
electrical burns on, 217-219 
electrical resistance in, 213-214, 219 
electrocution injury in, 224 
in firearms injuries, 315-316 
necrosis, electrocution, 220 
seat belt injuries on, 462-463 
slippage, 47f, 48f 
Skull 
charring of, 185, 196f 
firearms injuries to, 323, 324f, 332-338 
fractures 
artifactual, 522 
basilar, 335-336, 526f, 529, 530f, 
531f 
classification/patterns of, 525-528 
complications of, 529-531 
crushing, 529 
demonstration of, 522 
in entry/exit wounds, patterns of, 333-— 
335 
epidural hemorrhage in, 529, 532-535, 
540-542 
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categorization of, 577-578 
described, 574-584 
and diving, 255, 283 
falls from heights, 426 
from firearms, 330 
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Stab wounds 
accidental, 361 
autopsy procedures, 387-388 
correlation of, 364-373 
defined, 357 
mechanism of death, 386-387 
multiple, 369f, 370f, 373f, 376f, 380f 
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inflammatory response (SIRS) 
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